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ABSTRACT
Glyphosate [N-(phosphonomethyl) glycine)] (GPS) is currently the most commonly used
herbicide worldwide, and is generally considered as immobile in soils. However, numerous
reports of the environmental occurrence of the herbicide coupled with recent evidence of human
toxicity require further investigation as to the behavior of GPS in the soil environment. The
objectives of this study were to quantify GPS sorption and mobility in two Louisiana agricultural
soils with varying physiochemical properties; Commerce silt loam and Sharkey clay. Results of
batch sorption studies indicated a high affinity of both soils for solvated GPS, with 24-hour
Freundlich partitioning coefficients of 158 and 396 L kg-1 for the Commerce and Sharkey soils,
respectively. Sorption by the Commerce soil was likely facilitated by the relatively high amounts
of amorphous Fe and Al oxides, whereas the high cation exchange capacity of the Sharkey soil
likely allowed for complexation with surface exchangeable polyvalent cations. A two-site multireaction model incorporating time-dependent reversible and irreversible reactions provided an
adequate description of the measured data.
The results of miscible displacement studies indicated that the mobility of GPS is highly
limited in both soils, with only 2-3% of the applied herbicide mass recovered in the effluent
solution. Similar to the batch study, a two-site multi-reaction transport model (MRTM)
consisting of kinetic reversible and irreversible reactions provided a good description of the
breakthrough data from both soils, and outperformed linear modeling approaches using CXTFIT.
Competitive batch experiments, where sorption of both GPS and phosphate was
considered, suggested that competition between the two solutes for reactive sites in both soils is
significant, with phosphate being preferentially sorbed. GPS mobility in the Commerce soil
remained highly limited when applied in conjunction with and succeeding phosphate pulses.
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However, a phosphate pulse introduced to the column following a GPS pulse resulted in an
additional 4% of the applied mass of the herbicide being recovered in a secondary breakthrough.
These findings are significant, as they emphasize the importance of the timing of herbicide and
fertilizer applications on the behavior and ultimate fate of GPS in soils.
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CHAPTER 1: INTRODUCTION
1.1 General Description
Glyphosate [N-(phosphonomethyl) glycine] (GPS) is a broad-spectrum, non-selective,
post emergence herbicide with very high water solubility (12 g/L) (Sprankle et al., 1975; Franz et
al., 1997; Maqueda et al., 2017). It works by inhibiting the function of 5-enolpyruvylshikimic
acid-3-phosphate synthase, which is an intermediate enzyme involved in the synthesis of
aromatic amino acids via the shikimic acid pathway (Boocock and Coggings, 1983). These
amino acids serve as essential components in the synthesis of proteins as well as the production
of several secondary plant products such as phenolics, lignin, and various growth promoters and
inhibitors (Franz et al. 1997). This pathway is nonexistent in most living organisms with the
exception of plants and certain bacteria and fungi (Bentley et al., 1990). GPS was introduced by
the Monsanto Corporation as the active ingredient in the herbicidal formulation Roundup and
was made commercially available starting in 1974 (Franz et al., 1997). Since then, its use in
agricultural and non-agricultural settings has steadily increased from a total of 0.6 Mg applied in
1974 to a total of 125.5 Mg applied in 2014, and is currently the most widely used herbicide in
the United States and throughout the world (Benbrook, 2016, Grandcoin et al., 2017). The
introduction of genetically engineered “Roundup Ready” varieties starting in 1996 (Dill, 2005)
has certainly contributed to this proliferation of GPS based herbicides, as weed management via
GPS application could be continued throughout the growing season with no detrimental effect on
the cultivar.
Glyphosate is a polar, amphoteric molecule characterized by three main functional groups
(Borggaard and Gimsing, 2008). These are the phosphonomethyl, amine and carboxymethyl
groups arranged in a linear manner. GPS is a polyprotic acid with four pKa values (pKa1=0.8,
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pKa2=2.23, pKa3=5.46, pKa4=10.14) (Liu et al., 2016), meaning that speciation of the molecule
is dependent upon the pH value of the solution. Over the pH values commonly found in soils,
mono and divalent anions are the predominant species present. Figure 1.1 displays the fraction of
each species present over a range of typical pH values.

Figure 1.1. Fraction of Glyphosate species present in solution across a range of pH values.
1.2 Environmental Fate of Glyphosate
1.2.1 Glyphosate in Soils
The quantification of the behavior of solutes within reactive matrices commonly employs
the use of equilibrium isotherm models in order to partition between sorbed and solution phases.
One extensively used model is the Freundlich isotherm, expressed in Eq. 1.1.
Eq. 1.1:
Where S is the sorbed concentration (mg kg-1), Kf is the Freundlich distribution coefficient (L
kg-1), C is the solution concentration (mg L-1), and n is a dimensionless coefficient commonly
less than 1. While the majority of GPS applied in agricultural settings ideally remains on plant
2

biomass, a substantial amount is expected to reach the soil where it is generally characterized as
a strongly sorbed solute (Borggaard and Gimsing, 2008). Reported Freundlich distribution
coefficient values exhibit considerable variation depending upon the soil type, with reported
values ranging from 21-1892. Results from a number of recent GPS sorption investigations are
briefly summarized in Table 1.1.
Several studies have shown that GPS sorption onto soils is a relatively quick process with
pseudo-equilibrium conditions being reached in 24 hours or less (Candela et al., 2007), although
evidence for prolonged kinetics exists as well (Gerritse et al., 1996; Candela et al., 2010). Sheals
et al. (2002) found that GPS sorption onto goethite occurs mainly via inner-sphere mono and
bidentate surface complexation involving the phosphonic acid moiety with the possibility of
weaker intra-molecular H bonding. Several other studies have also found that the sorption onto
reactive media is most likely attributed to the phosphonomethyl functional group (Sprankle et al.,
1975; Glass, 1987; Borggaard and Gimsing, 2008; Gros et al., 2017), although there is evidence
that interactions involving the carboxymethyl group may also play an important role (Dideriksen
and Stipp, 2002). In soils characterized by physiochemical heterogeneity, amorphous Fe and Al
oxides are considered to have the greatest affinity for solvated GPS (Sprankle et al., 1975;
Piccolo et al., 1994; Gimsing et al., 2007) along with poorly ordered aluminum silicates and edge
sites of layer silicates (Borggaard and Gimsing, 2008; Maqueda et al., 2017). Additionally, GPS
sorption has been positively correlated with soil clay content and cation exchange capacity
(Glass, 1987; Sidoli et al., 2016; Gros et al., 2017).
Due to the previously discussed zwitter ionic behavior of GPS, pH has a profound effect
on the behavior of the herbicide in soils. For variably charged minerals, pH values below the
PZC (point of zero charge) will enhance GPS sorption whereas high soil pH values will promote
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mobility of the compound (Gimsing and Borggaard, 2007). The same trend is evident in GPS
sorption characteristics onto clay minerals and various soils (Glass, 1987; Pessagno et al., 2008).
In contrast to several other well-studied organic compounds that interact strongly with
soil organic matter (SOM), the role of SOM on GPS sorption is still a relatively ambiguous
subject. Employing quantum chemical modeling techniques, Gros et al. (2017) found that GPS
interacts with SOM primarily via H-bonding between organic functional groups and the
phosphonic acid moiety, and suggests that GPS in solution is likely in the form of a GPS-SOM
complex. The sorption of GPS by humic substances via H-bonding was also suggested by
Piccolo et al. (1996), who found that affinity for GPS was positively correlated with the
aliphaticity and molecular size of humic substances. Because H-bonding is generally regarded as
a fairly weak interaction, which is unlikely to overcome repulsive electrostatic forces between
negatively charged humus and GPS , Borggaard and Gimsing (2008) attribute the GPS – humic
substance interaction to the formation of ternary humus-Me-GPS complexes, where “Me”
denotes di and trivalent cations in humus samples, a mechanism also proposed by Barrett and
McBride (2007).
Conversely, several studies have indicated that SOM may inhibit GPS adsorption by
soils. Gerritse et al. (1996) found that GPS adsorption was inversely correlated with soil organic
carbon, and concluded that SOM does not adsorb the herbicide and that it may in fact compete
for adsorption sites on mineral surfaces. A similar finding was reported by Ololade et al. (2014),
who found that organic carbon normalized Freundlich sorption coefficients were decreased
relative to those associated with bulk soils, and determined that the surface area of various
reactive components were more significant to the immobilization of GPS than the soil organic
carbon content.
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Table 1.1. Recently reported Freundlich isotherm parameters for GPS sorption to soils.
Number of Soils
Kf
n
Reference
Used in Study
80-214 0.56-0.68
23
(de Jonge et. al., 2001)
21-87
0.69-0.90
6
(Albers et al., 2009)
42-78
0.20-0.43
5
(Keshteli et al., 2011)
21-149 0.91-1.00
16
(Ghafoor et al., 2012)
32-540 0.83-1.09
17
(Sidoli et al., 2016)
74-447 0.40-1.21
23
(Gros et al., 2017)
81-133 0.81-0.97
4
(Maqueda et al., 2017)
37-1892 0.75-0.89
15
(Zhelezova et al., 2017)
1.2.2 Mobility and Leaching
Although GPS is characterized as strongly sorbed in soil and is therefore expected to be
relatively immobile, off-site transport of the herbicide is still a concern. In a study investigating
the leaching potential of undisturbed soil columns, De Jonge et al. (2000) found that up to 19%
of applied GPS was leached below a 20cm thick soil profile, which the authors attributed to
macropore flow. This indicates that leaching in a field situation could be significant if there is
well-developed soil structure. Landry et al. (2005) investigated the effect of management
practices on the mobility of GPS and concluded that it is in fact a potential contaminant of
groundwater, although its mobility may be minimized with a vegetative cover. Van Stempvoort
et al. (2014) detected GPS and its main degradation product in the riparian groundwater of 4 out
of 5 stream sites in Canada. The reaches that were sampled were all characterized as gaining
streams at the time, indicating that the transport of GPS from groundwater to surface waters is
significant and of concern. GPS contamination of ground and surface waters is not limited to
agricultural use. Runoff from small urban tributaries was shown to contribute as much or even
more pesticide loading into San Fransico Bay than agricultural areas (Connor et al., 2007), and
GPS was detected at 93% frequency in French storm sewer outlets from urban areas (Zgheib et
al., 2012).
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Another significant mechanism of off-site loading of GPS is through colloid facilitated
transport (Borggaard and Gimsing, 2008). In a simulated rainfall experiment, Yang et al. (2015)
found that about 14% of applied GPS was transported offsite from the initial application area,
which was primarily associated with the suspended load. In an 8-month field study involving
well structured, tile drained soils, Kjær et al. (2011) found that 13-16% of observed GPS
leaching was ascribed to particle facilitated transport. Additionally, Aparicio et al. (2013)
detected GPS in 67% of samples of suspended particulate matter taken from surface waters in
Argentinian agricultural basins, whereas it was only present in 15% of water samples. Bento et
al. (2017) found wind transport of dry sediment to be a major process of off-site transport as
well, with large concentrations of GPS associated with easily mobilized clay and silt sized
fractions. This same publication argues that due to the non-volatile nature of the herbicide, its
recent reported occurrence in the atmosphere (Messing et al., 2011) can only be due to spray drift
or transport by eolian processes.
1.2.3 Dissipation of Glyphosate in the Environment
The environmental degradation of GPS is primarily considered a microbial process
(Borggaard and Gimsing, 2008), although means of chemical degradation have also been
demonstrated to exist (Barrett and McBride, 2005). GPS undergoes biological degradation via
two main metabolic pathways resulting in the production of the primary metabolites
aminomethylphosphonic acid (AMPA) and sarcosine. Within the AMPA degradation pathway,
the first step involves the cleaving of the carboxyl group from the initial GPS molecule via the
glyphosate oxidoreductase enzyme, resulting in production of AMPA and glyoxylate. AMPA is
subsequently degraded to inorganic phosphate and methylamine, whereas glyoxylate is
ultimately degraded within the glyoxylate cycle. The sarcosine pathway is initiated by the
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cleaving of the C-P bond by the C-P lyase enzyme, resulting in the production of inorganic
phosphate and sarcosine. Sarcosine is further degraded to glycine by the sarcosine oxidase
enzyme, where the final environmental fate of glycine is complete mineralization to ammonium
and carbon dioxide. A schematic representation of the microbial degradation of GPS can be seen
in Figure 1.2.

Figure 1.2. Microbial degradation of GPS via the AMPA and Sarcosine pathways.
AMPA is ubiquitous in soils to which GPS has been applied whereas sarcosine has not
been detected (Borggaard and Gimsing, 2008), resulting in the conclusion that degradation takes
place mostly by the AMPA pathway. However, as bacteria capable of degrading GPS through
the sarcosine pathway have been isolated (Kishore and Jacob, 1987), the lack of sarcosine in
soils may be attributed to its rapid degradation or leaching through the soil profile, as the lack of
the highly reactive phosphonate group would promote the mobility of this compound.
Additionally, the activity of the C-P lyase enzyme is induced under conditions where exogenous
phosphorus is low (Borggaard and Gimsing, 2008), meaning that the sarcosine degradation
pathway could be dominant in soils in which P is a limiting nutrient.
7

The rate and extent of GPS mineralization is highly variable and is dependent upon
several soil factors, with reported half-life values ranging from 4-835 days (Table 1.2). Von
Wirèn-Lehr et al. (1997) correlated GPS degradation in agricultural soils with total microbial
biomass, a result also reported by other publications (Franz et al., 1997; Rueppel et al., 1977).
Conversely, Gimsing et al. (2004) found no correlation between overall microbial biomass and
GPS degradation, but instead related degradation with the abundance of Pseudomonas sp.
bacterial populations. The affinity of a soil for GPS also plays an important role in the
degradation of the herbicide, as a high affinity may limit its bioavailability. Al-Rajab and
Schiavon (2010) found an inverse relationship between degradation rates and the sorption
capacity of soils, indicating that solution phase GPS is more liable to microbial degradation than
sorbed phase GPS. Additionally, Zhelezova et al. (2017) reported a positive correlation between
Freundlich distribution coefficients and GPS half-life values. Kenissery et al. (2015) studied the
effect of soil redox conditions on GPS degradation, and found that half-life values were
increased within all three soils involved in the study under anoxic conditions. The implications
of this finding are significant, as GPS may be more persistent in environments experiencing
periods of relatively long-term inundation.
The kinetics of GPS degradation is characterized by an initial rapid phase followed by
much slower dissipation. As first order models adequately describe GPS degradation only in
limited cases (Borggaard and Gimsing, 2008), Eberbach (1998) applied two separate first order
models in order to partition GPS into labile and non-labile pools. The initial rapid degradation of
the labile pool was attributed to solution phase and readily exchangeable GPS, whereas the slow
degradation of the non-labile pool was associated with the specifically sorbed phase. This again
emphasizes the importance of soil sorption characteristics on the dissipation/persistence of GPS.
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The lack of an initial lag phase is also reported by several authors (Al-Rajab and Hakami, 2014;
Forlani et al., 1999; Kenissery et al., 2015), indicating that the metabolic pathways necessary for
degradation are already present within the soil micro-fauna.
Table 1.2. Reported GPS half-life values in soil.
Half-life (Days)
Reference
6-9 (Labile)
(Eberbach, 1998)
222-835 (Non-Labile)
9
(Simonsen et al., 2008)
4-19
(Al-Rajab and Schiavon, 2010)
31
(Al-Rajab and Hakami, 2014)
15-18 (Oxic Conditions)
(Kenissery et al., 2015)
42-51 (Anoxic Conditions)
17-87
(Zhelezova et al., 2017)
1.2.4 Influence of Phosphate
The use of phosphorous fertilizers in agricultural production is extensive, and in areas
undergoing historic application, substantial antecedent concentrations of phosphate in the soil are
to be expected. As the highly reactive phosphonomethyl funtional group is molecularly similar to
the phosphate anion, significant interactions between GPS and phosphate are likely to occur
within the soil environment. Several studies have investigated the competition between the two
solutes. Using the batch technique, de Jonge et al. (2001) observed that while in the presence of
phosphate, Freundlich distribution coefficients for GPS decreased from 214.7 to 106 in a loamy
sand and from 154 to 83.5 in a coarse sand, indicating that GPS may be more weakly sorbed and
thus more mobile in soils with a high level of phosphate. Similar findings were reported by
Gimsing et al. (2004). In this study, soils were equilibrated with GPS solutions prior to the
addition of phosphate, whereupon significant GPS desorption was observed. Based on this, the
authors concluded that competition between the two solutes exists in soils, however not to the
extent that exists within pure goethite and gibbsite systems (Gimsing and Borggaard, 2001;
Gimsing and Borggaard, 2002). Despite evidence of competition using the batch design, Barret
9

and McBride (2007) found only limited competition in a column transport study, and Zhao et al.
(2009) even reported enhanced GPS sorption within columns preconditioned with phosphate,
which the authors attributed to an overall decrease of the pH of the system.
1.3 Glyphosate Toxicity
The US EPA mandated maximum admissible level of glyphosate in drinking water is 700
µg/L (US EPA, 2016), whereas those required by the European Union are not to exceed 0.1 µg/L
for any single pesticide and 0.5 µg/L for total pesticides (Grandcoin et al., 2017). Differences
between the two water quality standards are due to differing policies, with the European Union
employing a set limit for all pesticides and the EPA setting limits specific to GPS based on the
results of toxicity studies. However, the toxicity of GPS is a highly contentious issue and no
decisive consensus within the literature has been reached.
Several studies indicate that GPS is relatively non-toxic. Perkins et al. (2000) found that
the LC50 (liquid concentration inducing 50% mortality) for frog embryos was 5,407 mg AE/L
GPS, but the worst case scenario for environmental concentrations of GPS would only be
expected to be 2.8 mg AE/L. This would suggest that GPS is practically non-toxic at expected
environmental concentrations. Several other studies have indicated that GPS itself is non-toxic to
various aquatic organisms, but toxic effects of commercial formulations can be mainly attributed
to surfactants included in the bulk herbicidal mix, specifically polyethoxylated tallowamine
(European Commission, 2002; Tsui and Chu, 2003; Howe et al., 2004). It has been shown that
GPS effects on soil microbial communities are minimal (Wardle and Parkinson, 1990; Weaver et
al., 2007) and in some cases even stimulates microorganism growth (Araujo et al. 2003; Ratcliff
et al., 2006; Imparato et al., 2016). The US EPA places glyphosate in the Toxicity Category III
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due to its relatively low oral and dermal acute toxicity (US EPA, 1993), and a more recent
review reiterates this conclusion (European Food Safety Authority, 2015).
Despite evidence for the non-toxicity of GPS, contrasting results exist as well. Gehin et
al. (2005) found that GPS formulations were responsible for oxidative damage to human
epidermal cells, and Richard et al. (2005) found that GPS itself was toxic to human placental
cells at concentrations lower than those found in agricultural use after 18 hours of exposure.
Several other studies have also found cytotoxic effects associated with both GPS and GPS
formulations (Benachour and Seralini, 2009; Koller et al., 2012; Mesnage et al. 2013). Besides
cytotoxicity associated with GPS exposure, potential carcinogenic effects have also been
documented. Potti and Sehgal (2005) found that exposure to GPS herbicide formulations affected
gene expression in human prostate cells, indicating a potential for the growth of cancer cells.
Additionally, Thongprakaisang et al. (2013) proposed a mechanism for the GPS induction of
human breast cancer, and the World Health Organization stated in 2015 that GPS is “probably
carcinogenic to humans” (Grandcoin et al., 2017). Due to the potential toxicity associated with
GPS, it is imperative to quantify its behavior in the soil environment such that leaching to ground
or surface waters is minimized.
1.4 Statement of Problem
The mobility and transport of GPS in the soil environment are highly dependent upon the
physiochemical characteristics of the system. The vast majority of retention studies have thus far
regarded GPS sorption to soil matrix surfaces as a rapid process, and have therefore employed
equilibrium models to describe the partitioning of the herbicide between sorbed and solution
phases. However, given the heterogeneity of reactive surfaces in soils it is reasonable to expect
that chemical kinetics are indeed significant, and models utilizing a kinetic approach may more
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adequately describe GPS sorption in soils. This is the first work to use a kinetic chemical model
to describe GPS batch sorption data.
Laboratory studies involving the transport of GPS through soils are lacking. Besides the
previously mentioned studies involving transport through undisturbed columns under transient
hydrological regimes, a literature search reveals that few studies involving transport through
soils exist. Moreover, attempts to model the behavior of GPS through soils commonly employ
the use of simple linear modeling. A particular assumption of this model includes linear
equilibrium sorption conditions. However, it is unclear if this assumption is appropriate given the
numerous studies using the nonlinear approach (Eq. 1.1) to describe batch sorption data.
Additionally, such equilibrium models do not account for the possibility of time dependent
sorption or degradation. A literature search reveals that research is lacking on the use of kinetic
approaches to model the transport behavior of GPS. In this work, emphasis is placed on the use
of kinetic chemical models coupled with the classical convective-dispersive equation to describe
GPS transport through soils.
As the phosphonic acid moiety is considered the most reactive functional group on the
GPS molecule, significant competition with phosphate for active sites within soil matrices is
expected to occur. Previous competitive sorption studies are mostly limited to the batch design,
however competitive transport studies would more closely simulate an actual field situation.
Because the use of phosphorous fertilizers in conjunction with GPS in agricultural settings is
expected to be pervasive, transport studies involving both solutes are necessary.
1.5 Objective
In this study, kinetic batch and miscible displacements experiments were conducted in
order to quantify the retention and transport of GPS in soils with varying physiochemical
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properties. Measured results were subsequently simulated using non-linear multi-reaction models
incorporating kinetic and irreversible sites. The specific objectives were to 1) quantify the
adsorption and desorption kinetics of GPS in soils with varying properties; 2) quantify the
transport of GPS through saturated soil columns using miscible displacement techniques; 3)
study the influence of phosphate on the sorption and transport behavior of GPS in soils.
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CHAPTER 2: GLYPHOSATE ADSORPTION AND DESORPTION IN SOILS
2.1 Introduction
Glyphosate [N-(phosphonomethyl) glycine] (GPS) is a broad-spectrum, nonselective,
post emergence herbicide used pervasively throughout the world. Introduction of GPS into the
environment takes place mostly via herbicide application for commercial agricultural production,
although urban use also represents significant environmental loading (Zgheib et al., 2012;
Ramwell et al., 2014). Traditionally, GPS is considered as relatively immobile in soils due to
high sorption capacity and rapid degradation (Borggaard and Gimsing, 2008). However, the
occurrence of GPS and its main metabolite, aminomethylphosphonic acid (AMPA), in riparian
groundwater in an agricultural basin in Canada (Van Sempvoort et al., 2014) as well as in surface
waters in Argentina (Aparicio et al., 2013) lend to the notion that the herbicide’s mobility in soil
is of environmental concern. Additionally, recent studies indicating the potential of cytotoxic
(Richard et al., 2005; Koller et al., 2012) as well as carcinogenic effects (Thongprakaisang et al.,
2013) of GPS itself further emphasize the necessity to characterize the herbicide’s behavior and
ultimate fate in the environment.
Studies aimed at quantifying the sorption and desorption of GPS in soils and minerals are
numerous (Borggaard and Gimsing, 2008). High retentive capacities of GPS in soil have been
attributed mainly to the reactivity of the phosphonomethyl functional group of the GPS molecule
(Sprankle et al., 1975; Glass, 1987; Borggaard and Gimsing, 2008; Gros et al., 2017), although
interactions with the carboxymethyl group have been shown to be significant in limited cases
(Dideriksen and Stipp, 2002). GPS sorption in soils has been positively correlated with the
presence of amorphous Fe and Al oxides (Sprankle et al., 1975; Sheals et al., 2002; Gimsing et
al., 2007), as well as with soil clay content and cation exchange capacity (Glass, 1987; Sidoli et
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al., 2016; Gros et al., 2017). Conversely, GPS sorption has been negatively correlated with pH
(Glass, 1987; Gimsing and Borggaard, 2007; Pessagno et al., 2008) due to its polyprotic behavior
and propensity to deprotonate at higher pH values. The role of organic matter (OM) in GPS
sorption is a relatively ambiguous subject, with some studies reporting no effect of OM (Gimsing
et al., 2003) and others reporting enhanced mobility of GPS due to increased soil OM
concentrations (Gerritse et al., 1996; Ololade et al., 2014). In general, GPS sorption onto mineral
surfaces is considered a rapid process (Borggaard and Gimsing, 2008, Ozbay et al., 2018) and
therefore, efforts to describe the solution/solid phase partitioning have largely employed the use
of equilibrium models. A major limitation to these descriptions is that they ignore time
dependent chemical processes, which have been documented with GPS/soil interactions (Gerritse
et al., 1996; Gimsing et al., 2004). This would suggest that further efforts to understand the
kinetic behavior of GPS in soil are needed.
The goals of this study are to 1) quantify the sorption/desorption behavior of GPS in two
Louisiana agricultural soils, 2) apply a multi-reaction model to describe observations obtained
from kinetic batch studies, 3) develop estimates as to the persistence of sorbed phase GPS, and
4) characterize the behavior of the main metabolite (AMPA) at limited time points.
2.1.1 Sorption Isotherms
The terms sorption and retention are used interchangeably to refer to solvated species
associated with the mineral phase when the specific binding mechanism is unknown. Several
mathematical expressions exist to describe the partitioning of a particular solute between solution
and solid phases assuming chemical equilibrium conditions, commonly referred to as sorption
isotherms. Given that a specific mass of reactive matrix with no antecedent concentrations of
sorbed species is equilibrated with a solution containing a mass of solute, partitioning of the
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solute into the sorbed phase is a function of the solution concentration. Thus, the general
isotherm expression takes the form of Eq. 2.1:
Eq. 2.1:
Where S is the sorbed concentration (mg kg-1) and C is the solution concentration (mg L-1). The
simplest model following this general form is the linear sorption isotherm:
Eq. 2.2:
is the linear partitioning coefficient (L kg-1). Here, the

Where

parameter is a measure of

the affinity of a reactive matrix for a particular solute, with greater values indicating higher
affinities. Despite its simplicity, this linear model implies certain physiochemical properties of
the system; 1) sorption is not limited by the availability of reactive sites, and 2) there is a
relatively homogenous distribution of the affinities of reactive sites across the range of input
concentrations, i.e. the “rate” of phase partitioning of a solvated species is independent of the
solution concentration. As the affinity of a soil for solutes is of environmental concern, the
values for a large suite of organic and inorganic contaminants are extensively reported within
reference handbooks and throughout the literature.
Although linear models may be acceptable to describe equilibrium partitioning across a
range of relatively low input concentrations, sufficient loading of a solute into a system results in
a nonlinear relationship between solution and solid phases. In this case, the Freundlich isotherm
may provide a more adequate description of the system:
Eq. 2.3:
Where

is the Freundlich partitioning coefficient (L kg-1) and n is a dimensionless parameter

commonly less than one that characterizes the nonlinear nature of the isotherm. Besides
characterizing nonlinearity, values of n significantly different than one imply a heterogeneous
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distribution of affinities of reactive sites across the range of input concentrations. Because
interactions between the solute and high affinity sites are, by definition, more thermodynamically
favorable than interactions involving low affinity sites, high affinity sites are occupied first. As
these sites are filled, interactions among less energetically favorable sites predominate. This
effectively reduces the overall affinity of the reactive matrix, resulting in reduced “rates” of
partitioning at higher input concentrations. Efforts to describe solid/solution phase partitioning of
GPS using the Freundlich model are pervasive throughout the literature, and thus, parameter
values are widely reported and exhibit considerable range (Table 1.1).
Another widely used equilibrium sorption isotherm is the Langmuir model, expressed as
follows:
Eq. 2.4:
Where

(L kg-1) is a measure of the molecular bond strength between the solute and the reactive

surface and

(mg kg-1) is the maximum sorption capacity of the matrix. As this model does

not explicitly imply a distribution of site affinities across a range of input concentrations (

is

constant), “rates” of partitioning at higher input concentrations are limited by the availability of
reactive sites.
2.1.2 Kinetic Modeling
Although the use of equilibrium isotherms is extensive throughout the literature, one
major limitation of these models is that they are independent of time, i.e. kinetics of chemical
reactions are ignored. In order to address this, various kinetic models have been proposed. One
of the earliest approaches was a linear one-site kinetic model put forth by Lapidus and
Amundson (1952), given by the following partial differential equation:
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Eq. 2.5:

Where
and

(g cm-3) is the sorbent bulk density,

(cm3 cm-3) is the volumetric water content, and

are forward and backward rate coefficients, respectively. The above conceptual model

represents a fully reversible retention reaction, which reaches quasi-equilibrium status on time
scales dependent upon the magnitude of the rate coefficients. For large values of

and

, an

equilibrium state will be obtained in a relatively short timeframe, whereas pronounced kinetics
are observed for relatively small values of the rate coefficients. If it is assumed that there is no
time dependency of

(i.e. instantaneous equilibrium conditions), then the term

can be

taken as zero and solving for , an equilibrium expression can be obtained, given by Eq. 2.6 as
follows:
( )

Eq. 2.6:

Which is equivalent to the linear expression Eq. 2.2 where

. However, if the

time dependency of the solution concentration is considered, one can express

in terms of

via

the mass balance equation given by Eq. 2.7. Substituting this into Eq. 2.5 results in a linear
ordinary differential equation for which an analytical solution can easily be obtained. Given the
initial conditions

= 0 when t = 0, sorbed phase concentration as a function of time is given by

Eq. 2.8.
Eq. 2.7:
[

(

)

Eq. 2.8:

( )

]

Where

is the input concentration. Given sufficiently large time steps, Eq. 2.6 and Eq. 2.8 are

convergent and when set equal to each other, provide a basis for determining the equilibrium
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solution concentration (
coefficient

) for any input concentration as a function of the linear partitioning

. This expression is given by Eq. 2.9:

Eq. 2.9:
As non-linear partitioning of a solute into the solution and solid phases is commonly
observed, kinetic approaches utilizing Freundlich type isotherms have also been employed, with
the following expression given by Mansell et al. (1977):
Eq. 2.10:

Where n is the reaction order analogous to that described in Eq. 2.3. Similar to the linear kinetic
model, if equilibrium conditions are imposed (i.e.

= 0), the above equation reduces to Eq.

2.11:
( )

Eq. 2.11:
Which is equivalent to Eq. 2.3 where

. As an analytical solution for Eq. 2.10

cannot be obtained, solutions for non-linear kinetic retention must incorporate numerical
methods.
As physiochemical heterogeneity is inherent in soil systems, it is reasonable to expect
that a solvated chemical interacts with the soil matrix via a variety of different mechanisms. As
such, several approaches to describe solute retention by soils involving the use of multi-reaction
models have been introduced (Selim et al., 1976; Selim and Amacher, 1988). Presented here is
the nonlinear multi-reaction model put forth by Selim and Amacher (1997). The assumptions of
this model are that sorbed species are retained by various sites exhibiting different affinities and

24

that chemical non-equilibrium conditions exist. A schematic representation of the conceptualized
system is as follows:

Figure 2.1. A schematic conceptualization of the nonlinear multi-reaction model with
equilibrium, reversible and irreversible kinetic sites.
The above figure implies a system consisting of three general types of reactive sites; 1)
equilibrium sites, 2) reversible kinetic sites, and 3) irreversible kinetic sites. Equilibrium sites are
always at chemical equilibrium with the solution phase via the partitioning coefficient KE, which
is analogous to Kf. Reversible kinetic sites are characterized by fractional order kinetics, except
for first order kinetics associated with

, described by forward and backward rate coefficients.

The third type of reactive site is irreversible, where sorption is considered a first-order kinetic
process. These types of sites act as a sink for mass within the system, and may be interpreted as
inner-sphere complexation or precipitation reactions. The above model can be expressed
mathematically as a system of differential equations where equilibrium and kinetic sites are
given as:
Eq. 2.12:
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Eq. 2.13:

Eq. 2.14:
Eq. 2.15:
Eq. 2.16:
(mg kg-1) is the sorbed concentration within the equilibrium sites,

Where

kg-1) are the sorbed concentrations within kinetic sites,
within irreversible sites,

content (cm3 cm-3) and

, and

(mg

(mg kg-1) is the sorbed concentration

(L kg-1) is the equilibrium partitioning coefficient,

(hr-1) are rate coefficients, n, m and b are reaction orders,

and

,

,

,

,

,

is the volumetric water

is the bulk density of the reactive matrix (g cm-3). Given this grouping

of reactive sites, the total mass

(mg kg-1) in the sorbed phase is expressed as:

Eq. 2.17:
In order to simulate measured results, best-fit parameter values can be obtained via a
least-squares optimization procedure. Criteria for evaluating model performance are the
coefficient of determination (r2) and the root mean squared error (RMSE) given by Eq. 2.18.
Eq. 2.18:

√

Where RSS is the residual sum of squares, N is the number of observations and P is the number
of fitted parameters.
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2.2 Methods
2.2.1 Soils
In this study, experiments were carried out on two soils of varying physiochemical
properties. The first soil, Commerce silt loam, is a fine silty, mixed superactive, thermic
Fluvaquentic Endoaquept formed from alluvial deposits on the flood plains of the Mississippi
River in the southeastern United States. This soil is characterized as deep, somewhat poorly
drained with moderately slow permeability. Soil specifically used in this study was sampled from
the surface horizon (0-5cm) from the LSU AgCenter Sugarcane Research Station located in St.
Gabriel, Louisiana (12 miles south of Baton Rouge). The second soil used in the experiments
was Sharkey clay, which is classified as a very fine, smectitic, thermic Chromic Epiaquert. This
soil formed from clayey alluvial deposits on low terraces of the Mississippi River and was
sampled from the surface horizon (0-5cm) near Iberville Parish, Louisiana. All soil was air dried
and made to pass through a 2 mm sieve prior to experiments. Select physiochemical properties of
both soils are given in Table 2.1.
2.2.2 Adsorption and Desorption
The quantification of sorption and desorption of GPS in the two different soils was
carried out following the batch technique described by Ma et al. (1993) and Selim (2014). Three
grams of soil were weighed into a 40 mL Teflon centrifuge tube and 30 mL of GPS solution at
an initial concentration of either 1, 2, 5, 10, or 20 mg L-1 were added to each tube. Input solutions
were spiked with 14C labeled GPS (phosphonomethyl group) such that the initial radioactivity of
each solution was approximately 1.67 x 102 Bq mL-1. Radiolabeled GPS was purchased from
American Radiolabeled Chemicals, St. Louis, MO. All solutions were prepared in 5 mM CaCl2
in order to maintain constant ionic strength. Each initial concentration treatment was repeated in
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triplicate. Soil/solution mixtures were then individually vortexed for ten seconds and
immediately transferred to a platform shaker and were continuously shaken throughout the
duration of the study. In order to determine sorption characteristics over time, samples were
taken at 24, 72, 192, 360, and 528 hours. This was done by centrifuging the tubes at 5,000 rpm
for ten minutes and then transferring a 1 mL aliquot of supernatant to a 7 mL scintillation vial.
Four mL of scintillation cocktail (Packard Ultima Gold) were then subsequently added and
mixtures were vortexed until thoroughly homogenized. Samples were analyzed on a liquid
scintillation counter (LSC) (Perkin Elmer TriCarb 4810 TR, Waltham, MA) using five minute
count times. No quench correction was made and radioactivity was recorded as counts per
minute. GPS concentrations were determined by the relative radioactivity of the sample to that of
the input solution. The amount of sorbed GPS was calculated as the difference between
supernatant and initial concentrations. In order to minimize the effect of degradation within the
sampled aliquot, samples were either read the same day or frozen prior to analysis. For the
highest input concentration (20 mg L-1), 3 mL of solution were removed at the 72 hour sampling
time. Of this volume, a 1 mL aliquot was used for LSC analysis whereas the additional 2 mL
were frozen for further analysis by UPLC-MS/MS.
Desorption, based on successive dilutions, commenced immediately after the last sorption
step. At the 528 hour sampling, the entirety of the remaining supernatant was decanted and
replaced with 30 mL of GPS free 5 mM CaCl2 solution. The mixtures were then shaken for 72
hours, centrifuged, and the entire supernatant volume was decanted and replaced with 30 mL of
GPS free 5 mM CaCl2. This process was repeated for a total of five desorption steps over a 15
day time period. 1 mL aliquots at each sampling time were analyzed using LSC in the same
manner described above. The extent of desorption occurring over each time period was
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determined by the change in supernatant concentrations of GPS. At the last desorption step, the
supernatant was decanted and the remaining soil pellets were refrigerated until extraction.
Extraction of residual GPS commenced using a modified version of the method described
by Miles and Moye (1988). Here, 30 mL of 0.2 M KOH was added to each tube and mixtures
were vortexed and then shaken for 24 hours with a platform shaker. Tubes were then centrifuged
for 10 min at 5,000 rpm and supernatants were collected. One mL aliquots of supernatant
extracting solution were analyzed using LSC following the method described above.
Additionally, 1 mL aliquot of supernatant extracting solution from each triplicate were combined
and thoroughly mixed to produce a composite sample for analysis by UPLC-MS/MS.
Table 2.1. Select physiochemical properties of the soils used in this study.
Soil
Commerce Silt Loam
Sharkey Clay
Fine silty, mixed superactive,
Very-fine, smectitic, thermic
Taxonomic Classification
nonacidic, thermic
Chromic Epiaquert
Fluvaquentic Endoaquept
pH
6.98
6.52
a
TOC (%)
1.31
1.41
CECb (cmol kg-1)
16.5
29.6
c
Sand (%)
30
3
Siltc (%)
54
36
Clayc (%)
16
61
Ammonium Oxalate
Extractable
Fe (g kg-1)
4.4*
0.83
-1
Al (g kg )
0.7*
0.23
Citrate Bicarbonate Dithionate
Extractable
Fe (g kg-1)
6.08*
7.77
Al (g kg-1)
2.42
a
*Values obtained from Harrell and Wang, 2006. TOC = Total Organic Carbon; b CEC = Cation
Exchange Capacity; c Grain size distribution: Sand (2.00 - 0.05 mm), Silt (0.05 – 0.002 mm),
Clay (<0.002 mm)
2.2.3 UPLC-MS/MS
As significant microbial degradation has been reported to occur over the time steps used
in the batch and miscible displacement experiments, efforts were made to quantify the amount of
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aminomethylphosphonic acid (AMPA) in the supernatant solutions and within the soil bound
residues. As both GPS and AMPA molecules have the 14C labeled phosphonomethyl group, LSC
analysis alone cannot discriminate between the two compounds. To do this, select samples were
analyzed using UPLC-MS/MS with a pre-column derivatization and solid phase extraction (SPE)
clean-up procedure.
Fluorescent derivatives of GPS and AMPA were obtained through the labeling of the
amine group with 9-fluorenylmethyl chloroformate (FMOC). This was done by combining 1 mL
aliquots of supernatant or extract solution with 0.5 mL 5% borate solution and 0.5 mL of 3%
FMOC in acetonitrile. This mixture was vortexed and allowed to incubate at room temperature
for 30 minutes. To stop the derivatization reaction, 5 mL of 1% KH2PO4 adjusted to a pH of 3
using 6 N HCl (pH 3 water) was added to each mixture. These were subsequently vortexed and
then centrifuged for 5 min at 3,500 rpm to separate any potential precipitates.
Derivatitized samples then underwent an SPE clean-up protocol. SPE columns (Oasis
HLB 3cc 60 mg cartridge) were placed into a vacuum manifold set-up and conditioned with 3
mL of methanol, followed by 3 mL of deionized water, followed by 3 mL of pH 3 water.
Derivatized, centrifuged samples were then loaded onto the column. After the full volume of the
sample had been eluted through the cartridge, 5 mL of pH 3 water was applied, and the column
was allowed to dry under full vacuum for 30 minutes. Derivatized GPS and AMPA were then
eluted with 7 mL of methanol into 15 mL polypropylene centrifuge tubes. Tubes were then
transferred to a 50˚C water bath and were brought to dryness under a stream of N2. The resulting
precipitates were then reconstituted with 1 mL of deionized water and filtered through a 0.2 µm
PVDF syringe driven filter into auto-sampler vials for UPLC-MS/MS analysis.
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Concentrations of GPS and AMPA were quantified using a Waters UPLC-MS/MS
(TQD) instrument with Waters MassLynx software. Chromatographic separation was achieved
with a Waters Acquity UPLC BEH C18 2.1 x 50 mm 1.7 µm particle column operated at 30˚C
with a flow rate of 0.30 mL min-1. Mobile phases of 5 mM ammonium acetate (MPA) and UPLC
grade acetonitrile (MPB) were applied to the column using a gradient flow protocol as described
in Table 2.2. Sample injection volumes were 10µL and expected retention times for GPS and
AMPA were 1.06 and 1.23 minutes, respectively.
Table 2.2. Gradient flow conditions for UPLC.
Time (min)
MPA %
MPB %
Initial
95
5
1.00
25
75
3.00
5
95
5.00
95
5
The mass spectrometer was operated with electrospray in the negative-ion mode. The
electrospray capillary was set to 2.9 kV and the extractor cone was operated at 2.00 V. The
source temperature was set to 110˚C and the desolvation temperature was set at 350˚C. The
desolvation gas was nitrogen (500 L hr-1) and the collision gas was argon (0.20 mL min-1).
Sample cone and collision energies were specific to the compound degradation sequence and are
given in Table 2.3. The multiple reaction monitoring mode of the degradation patterns m/z
390.9→167.9 (GPS) and 332.2→109.8 (AMPA) were used for quantification. For verification,
the degradation patterns m/z 390.9→149.8 (GPS) and 332.1→135.9 (AMPA) were used. KOH
extraction solutions of untreated soils were spiked with GPS and AMPA such that the
concentration of both compounds was 1000 µg L-1 in order to determine the efficacy of the SPE
clean-up procedure. Chromatographs for the quantification degradation patterns of GPS and
AMPA are given in Figure 2.2 to demonstrate that no significant interferences from soilextracted compounds are present.
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Table 2.3. Collision energies for MS/MS degradation sequences:
Collision Energy
Compound
Transition
Sample Cone (V)
(eV)
390.9→167.9
20
14
GPS
390.9→149.8
20
25
332.2→109.8
20
10
AMPA
332.1→135.9
20
13

Figure 2.2. Chromatographs from KOH extracts of untreated Commerce and Sharkey soil spiked
with 1000 µg L-1 GPS and AMPA.
2.3 Results and Discussion
2.3.1 GPS Adsorption and Desorption
The time dependent adsorption isotherms of GPS in both soils are given in Figure 2.3.
Experimental data were well described by the Freundlich model (r2≥ 0.995 in all cases), with
optimized parameter values given in Table 2.4. In general, Freundlich partitioning coefficients
increased throughout the duration of the sorption experiments and ranged from 158.2 – 317.8 L
kg-1 and 395.7-471.4 L kg-1 for the Commerce and Sharkey soils, respectively. These values
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indicate a high affinity for GPS for both matrices and are consistent with those obtained from
similar studies performed on a variety of soils (Sidoli et al., 2016; Gros et al., 2017, Zhelezova et
al., 2017). The 24 hr GPS sorption isotherm for the Commerce soil is characterized as highly
nonlinear (n=0.66), suggesting a relatively heterogeneous distribution of affinities of reactive
sites across the range of input concentrations. The value of n increased over the extent of the
sorption studies (isotherms become more linear), suggesting that given sufficient time to allow
for chemical kinetics, lower affinity sights behave more similar to high affinity sights. Changes
in fitted Freundlich isotherm parameter values over time are also an indication of significant
sorption kinetics, with the greatest changes occurring between the 24 hr and 72 hr sampling
times, whereas the kinetic behavior of GPS is less pronounced after 72 hours. Although several
publications indicate that GPS sorption onto soils reaches pseudo equilibrium conditions in 24
hours or less (Piccolo et al., 1994; Borggaard and Gimsing, 2008; Keshteli et al., 2011),
significant kinetics following a 24 hr equilibration time were also reported by Gerritse et al.
(1996) using sandy soils from Western Australia. Additionally, Gimsing et al. (2004) observed
significant increases in GPS adsorption over the course of 50 hours, with limited increases
continuing up to 168 hours in select Danish surface soils, a result that was again observed with
variably charged soils from Tanzania (Gimsing et al., 2007). GPS adsorption isotherms within
the Sharkey soil were characterized by high retention and exhibited a nearly linear behavior (n ≥
0.92 for all times), suggesting a more homogenous distribution of reactive site affinities over the
range of input concentrations. The effect of chemical kinetics in this soil was much less
pronounced, although significant differences in parameter values obtained throughout the
experiment exist, especially between the 24 and 72 hr sampling times.
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In order to assess the applicability of the Fruendlich model to describe the batch data,
linear and Langmuir isotherms were also fitted to the observed data, with optimized parameter
values given in Table 2.5 and 2.6. Due to the non-linear nature of GPS sorption onto the
Commerce soil throughout the study duration, the linear model was unable to describe measured
data to the same extent as the Freundlich formulation, although performance improved over time
as measured data exhibited a more linear behavior. Conversely, linear models did provide an
adequate description of GPS sorption onto the Sharkey soil with coefficients of determination ≥
0.995 at all time steps. However, the values of SSE were greater for the linear isotherm
compared to the Freundlich, indicating that residuals were minimized to a greater extent with
Freundlich isotherms. Additionally, fitted n values were significantly different than 1 for the
final three time steps (95% confidence level) suggesting that the Freundlich model provides a
more adequate description of the measured data. Coefficients of determination generated by the
Langmuir model for both soils are indicative of improved descriptions of measured data
(r2≥0.999 in all cases), however, the absence of apparent sorption maxima in both soils lends to
an inadequate physical justification for the use of this particular model.
As microbial degradation of GPS in solution is generally considered a rapid process
(Simonsen et al., 2008; Al-Rajab and Shiavon, 2010; Yang et al., 2015), perceived kinetics of
GPS adsorption onto soils may be attributed to biotic mineralization in the solution phase, i.e.
reductions in solution phase GPS may be due to degradation rather than additional sorption.
However, UPLC-MS/MS analyses indicate that approximately 92% and 80% of measured
radioactivity in supernatant solutions at 72 hours is attributed to GPS for Sharkey and Commerce
soils, respectively. This would suggest that the majority of the change in solution concentration
of GPS between 24 and 72 hours is due to additional sorption onto the soils rather than microbial
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degradation. It is unclear as to the magnitude of the effect of microbial degradation beyond 72
hours, as supernatant concentrations of GPS and AMPA were not monitored through time,
although AMPA in the supernatant solution at 528 hours only accounted for 16% of the
measured radioactivity for the Commerce soil. Due to these findings, microbial degradation
accounted for only limited changes in solution concentrations of GPS in the Commerce batch
study, and therefore increased sorption throughout time can be mainly attributed to chemical
kinetics. For the Sharkey soil however, this situation is complicated by a more apparent effect of
herbicide degradation. Although AMPA only accounted for minimal amounts of solution
radioactivity at 72 hours, UPLC-MS/MS analysis indicated that approximately 66% of the
measured radioactivity at 528 hours was attributed to the metabolite. Because of this, it is likely
that observed retention kinetics beyond 72 hours are most likely due to microbial degradation of
solution phase GPS. However, it is expected that the implications of greater degradation of
solution phase GPS in the Sharkey batch study are minimal, as kinetics beyond 72 hours are
limited (Figure 2.3) and Freundlich partitioning coefficients obtained at 72 hours and beyond are
not significantly different (Table 2.4).
Table 2.4. Fitted Freundlich isotherm parameters for Commerce and Sharkey soils.
Time (hr)
Soil
Kf (L kg-1) ± CI*
n ± CI*
SSE (mg2 kg-2)
Commerce

Sharkey

24
72
192
360
528
24
72
192
360
528

158.2 ± 13.9
267.4 ± 27.4
298.6 ± 16.9
318.3 ± 16.9
317.8 ± 18.0
395.7 ± 34.0
470.1 ± 13.8
471.4 ± 14.5
461.5 ± 24.1
458.4 ± 15.4

0.66 ± 0.12
0.77 ± 0.11
0.81 ± 0.06
0.83 ± 0.05
0.83 ± 0.06
0.93 ± 0.08
0.98 ± 0.02
0.97 ± 0.03
0.93 ± 0.04
0.92 ± 0.03

*95% Confidence Interval
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104.96
62.90
14.95
11.46
13.17
20.52
1.71
1.92
5.91
2.44

r2
0.995
0.997
0.999
0.999
0.999
0.999
1.000
1.000
1.000
1.000

Table 2.5. Fitted linear isotherm parameters for Commerce and Sharkey soils.
Soil
Time (hr)
KD (L kg-1) ± CI*
SSE (mg2 kg-2)
24
153.4 ± 43.2
1838.66
72
308.7 ± 55.4
812.41
Commerce
192
343.3 ± 46.1
459.19
360
364.3 ± 41.8
337.91
528
364.6 ± 42.8
354.67
24
423.3 ± 22.3
72.43
72
479.6 ± 6.5
4.76
Sharkey
192
489.4 ± 10.8
12.79
360
479.8 ± 22.7
120.52
528
502.3 ± 26.3
71.65
*95% Confidence Interval

r2
0.912
0.964
0.980
0.985
0.984
0.997
1.000
0.999
0.995
0.997

Table 2.6. Fitted Langmuir isotherm parameters for Commerce and Sharkey soils.
Time (hr)
SSE (mg2 kg-2)
Soil
Smax (mg kg-1) ± CI*
ω ± CI*
Commerce

Sharkey

24
72
192
360
528
24
72
192
360
528

330.1 ± 31.4
472.8 ± 65.1
593.5 ± 104.7
683.4 ± 322.7
669.0 ± 312.1
1526.6 ± 1308.4
7873.5 ± 17247.8
3488.1 ± 2996.8
1599.8 ± 214.4
1395.0 ± 338.6

0.99 ± 0.18
1.04 ± 0.22
0.82 ± 0.20
0.71 ± 0.44
0.74 ± 0.46
0.31 ± 0.30
0.06 ± 0.14
0.14 ± 0.13
0.34 ± 0.05
0.41 ± 0.11

8.55
6.58
5.58
26.73
27.88
13.97
2.86
2.38
0.35
1.37

r2
1.000
1.000
1.000
0.999
0.999
0.999
1.000
1.000
1.000
1.000

*95% Confidence Interval
Desorption of GPS from both Commerce and Sharkey soils was highly limited, indicating
strong sorption/desorption hysteresis in both soils. Desorption isotherms along with multireaction modeled results are displayed in Figure 2.4. During 5 desorption steps over the course of
15 days, only 2.3-3.4% of the sorbed mass was recovered in the desorption supernatant solutions
for the Commerce soil. A similar trend was observed for the Sharkey soil, with only 1.9-2.5% of
the sorbed mass recovered in the desorption solutions. This would suggest that sorbed phase GPS
in both soils is associated mainly with irreversible reactive sites. This is in contrast to results
reported by Piccolo et al. (1994), where 15-80% of applied GPS was desorbed from their soil.
However, input solution concentrations as well as solution:soil ratios were greater than those

36

Sorbed Concentration (mg/kg)

200

200

150

150

100

100

Commerce
50

Sharkey
50

24 hr
72 hr
528 hr
Freundlich

0

24 hr
72 hr
528 hr
Freundlich

0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0

0.1

0.2

0.3

Solution Concentration (mg/L)

Figure 2.3. Freundlich isotherms for GPS adsorption onto Commerce and Sharkey soils at 24, 72, and 528 hours.
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used in the present study, suggesting a possibility that increased loading onto to reactive sites
resulted in GPS association with lower affinity, and therefore, more reversible sites. In addition,
sorption commenced for only 2 hours prior to desorption, meaning that the propensity for GPS
desorption from soils may be a function of reaction time. According with our results, Maqueda et
al. (2017) reported that only 0.4-1.22% of the applied GPS was recovered during three
desorption steps following a 24 hour sorption interval. Several other publications also indicate
limited desorption of GPS. Barrett and McBride (2007) indicated that up to 95% retention of
GPS in course textured soil columns despite relatively high loading rates, and Kjær et al.
reported complete retention of GPS and AMPA within a sandy soil over the course of a 2 year
field trial.
2.3.2 Recovery of GPS Residues – Mass Balance
In order to determine the fate of applied GPS in the batch studies, a mass balance
calculation was performed. This was done using two separate methods in order to account for the
various analytical techniques (LSC and UPLC-MS/MS) undertaken. Using only the data
obtained based on LSC, and therefore no discrimination between GPS and AMPA, mass balance
calculations for the Sharkey and Commerce batch studies are given in Table 2.7. The
unaccounted fraction of mass applied refers to both non-extractable residues as well as mass loss
from complete mineralization of the GPS molecule resulting in volatile 14CO2. Mass recovery
from the Commerce soil (57-72% of the applied mass) was much better than the Sharkey soil
(27-33% of the applied mass), which is consistent with optimized isotherm parameters as well as
UPLC-MS/MS analyses (Table 2.12). The Sharkey soil displayed a much higher affinity for
solvated GPS than did the Commerce soil, indicating that sorbed phase GPS is associated with
higher affinity sites. This could result in a lower extraction efficiency and therefore a greater
amount of non-extractable residues in this soil. Additionally, UPLC-MS/MS analysis of both
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Figure 2.4. Multi-reaction (MRM) modeled desorption isotherms for Commerce and Sharkey soils.
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supernatant solutions as well as extracting solutions indicate a greater presence of AMPA in both
liquid and solid phases, suggesting that microbial degradation is a more predominant process in
this soil. These two compounding factors result in relatively low rates of mass recovery from the
Sharkey soil.
Table 2.7. Mass balance of batch studies using LSC determined values.
Initial
Mass
Mass
Mass
Unaccounted
Soil
Concentration Applied
Decanted
Extracted
Mass (mg)
(mg L-1)
(mg)
(mg)
(mg)
1
0.03
0.001
0.016
0.013
2
0.06
0.003
0.036
0.022
Commerce
5
0.15
0.007
0.076
0.067
10
0.30
0.014
0.173
0.113
20
0.60
0.033
0.398
0.169
1
0.03
0.001
0.008
0.020
2
0.06
0.002
0.015
0.042
Sharkey
5
0.15
0.006
0.040
0.104
10
0.30
0.014
0.086
0.200
20
0.60
0.027
0.139
0.434

Fraction of
applied mass
unaccounted
0.430
0.365
0.448
0.375
0.282
0.681
0.706
0.696
0.668
0.723

UPLC-MS/MS analysis allows for the discrimination between GPS and AMPA, both of
which are radiolabeled compounds due to the location of the 14C on the molecule
(phosphonomethyl group). Incorporating decanted mass values determined by LSC, mass
balance accounting for AMPA in both soils is given in Table 2.8. In general, mass recovery from
both soils is improved using this technique, although it is just slightly improved for the Sharkey
soil. This is unexpected, as there is a potential for radiolabeled metabolic intermediates in
solution that are not quantified with UPLC-MS/MS, as well as expected mass loss during the
derivatization and SPE cleanup processes. However, discrepancies between LSC and UPLCMS/MS determined values are most likely attributed to an overall difference in analytical
technique, and may not necessarily be indicative of any sort of enhanced mass recovery.
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Table 2.8. Mass balance of batch studies using LSC determined decanted mass and UPLC-MS/MS determined residual GPS and
AMPA.
Initial
Mass
GPS
AMPA
Fraction of
Mass Applied
Unaccounted
Soil
Concentration
Decanted
Extracted
Extracted
applied mass
(mg)
Mass (mg)
(mg L-1)
(mg)
(mg)
(mg)
unaccounted
1
0.03
0.001
0.014
0.006
0.009
0.298
2
0.06
0.003
0.035
0.012
0.011
0.185
Commerce
5
0.15
0.007
0.091
0.028
0.024
0.161
10
0.30
0.014
0.176
0.042
0.067
0.225
20
0.60
0.033
0.461
0.065
0.041
0.068
1
0.03
0.001
0.005
0.004
0.019
0.637
2
0.06
0.002
0.006
0.007
0.044
0.733
Sharkey
5
0.15
0.006
0.015
0.027
0.102
0.682
10
0.30
0.014
0.067
0.055
0.164
0.546
20
0.60
0.027
0.045
0.081
0.447
0.744
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2.3.3 Kinetic Modeling
For the sake of applying a time-dependent retention model that assumes a conservative
solute, any mass loss due to degradation of the herbicide in either the solution or sorbed phases is
ignored. Upon statistical evaluation of several versions of the multi-reaction model (Figure 2.1),
a two-site kinetic model (MRM) incorporating reversible and irreversible sites (Equations 2.6
and 2.7, respectively) provided the best description of the batch data. Observed data and MRM
simulations using parameters generated from the combined adsorption and desorption data sets
are displayed in Figure 2.5. Optimized parameter values are given in Table 2.9. Parameter values
obtained from the simulation of single input concentrations are correlated with each other quite
well, indicating that parameter values are independent of solution concentrations. This suggests
that the kinetic MRM is appropriate for describing GPS sorption and desorption in soils, as it can
describe GPS behavior across a range of input concentrations. Additionally, parameter values
between the two different soils are similar as well, meaning that the same general retention
mechanisms are dominant for both soils. The magnitude of the rate coefficients suggests that
sorption onto reversible sites occurs at a rate an order of magnitude greater than sorption onto
irreversible sites and two orders of magnitude greater than the rate of desorption from reversible
sites. This is consistent with measured data, as desorption is highly limited. Optimized model
parameters also suggest that rapid sorption is mainly attributed to reversible sites, however,
secondary sorption and high retentive capacities in both soils are mainly attributed to irreversible
sites. Although the performance of the MRM was improved as the input concentration was
decreased, adjusted coefficients of determination for the overall set of parameters for both soils
indicate a generally adequate description of the data (0.97 for Commerce and 0.95 for Sharkey).
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Figure 2.5. Observed and MRM simulated GPS adsorption and desorption in Commerce and Sharkey soil.
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Table 2.9. Optimized multi-reaction model parameter values for kinetic sorption/desorption of
GPS in Commerce and Sharkey soils.
Soil

Commerce

Sharkey

Co

Kirr (hr-1) ± CI*

K1 (hr-1) ± CI*

K2 (hr-1) ± CI*

RMSE (mg L-1)

r2

Overall
1
2
5
10
20
Overall
1
2
5
10
20

0.032 ± 0.003
0.046 ± 0.018
0.046 ± 0.014
0.042 ± 0.012
0.037 ± 0.012
0.031 ± 0.008
0.051 ± 0.015
0.053 ± 0.013
0.060 ± 0.018
0.058 ± 0.118
0.044 ± 0.960
0.050 ± 0.026

0.151 ± 0.010
0.142 ± 0.064
0.158 ± 0.068
0.145 ± 0.040
0.166 ± 0.055
0.152 ± 0.026
0.316 ± 0.637
0.145 ± 0.057
0.241 ± 0.123
0.482 ± 0.579
0.303 ± 0.896
0.291 ± 0.743

0.010 ± 0.001
0.010 ± 0.006
0.011 ± 0.006
0.009 ± 0.004
0.010 ± 0.005
0.010 ± 0.004
0.011 ± 0.018
0.007 ± 0.004
0.009 ± 0.005
0.016 ± 0.163
0.009 ± 0.875
0.010 ± 0.022

0.047
0.004
0.007
0.018
0.047
0.093
0.028
0.003
0.006
0.013
0.033
0.066

0.965
0.825
0.890
0.906
0.890
0.952
0.950
0.908
0.841
0.902
0.943
0.880

*95% Confidence Interval
Due to the severity of sorption/desorption hysteresis, the two site MRM was applied to
the sorption and desorption data sets separately (sorption: 0-528 hours, desorption: 528 hours –
termination of study), whereupon model performance was improved. Observed data and MRM
simulations for the sorption data set are displayed in Figure 2.6. Optimized parameter values are
given in Table 2.10. Because the full and adsorption data sets have a different number of
observations, comparisons between the evaluative statics (RMSE and r2) associated with the
optimized parameters obtained from the individual data sets is not valid. However, an ocular
assessment of the produced figures shows that model performance of the higher input
concentrations is considerably improved in both soils. Moreover, the values of the optimized
parameters are on the same order of magnitude for the full and adsorption only data sets,
indicating that the full model may be more applicable to describing GPS adsorption rather than
desorption processes. Coefficients of determination indicate satisfactory model performance,
with overall r2 > 0.99 for both soils. It is noteworthy that solution concentrations appear to
increase each time after the system is perturbed by sampling. This phenomenon arises because of
the low GPS solution concentrations coupled with the way the system is expressed
mathematically. Equations 2.6 and 2.7 express GPS transfer between solution and sorbed phases
44

Figure 2.6. Observed and MRM simulated GPS solution concentrations for Commerce and Sharkey adsorption data sets.
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on a mass basis, i.e. concentrations within solution and sorbed phases are multiplied by a matrix
mass or solution volume such that it is mass flux between model components that is being
determined. Because of this, GPS mass flux from solution phase to solid phase is directly
proportional to the volume of solution within the system. In this case, when 1 mL aliquots of
supernatant solution are removed, the cumulative rate of mass transfer to the solid phase
decreases, so the relative rate of reversible reactions increases. This results in a temporary
increase in the modeled solution concentration after each sampling event; however, it is unclear
whether this necessarily indicates an increase in solution concentration in the actual system. This
effect is more apparent in the Sharkey data set, as solution concentrations are lower than those of
the Commerce data set. This issue can be avoided with the implementation of additional
replications of each treatment, such that destructive sampling at each time point of interest is
possible. This would result in a constant volume of solution (and therefore a constant solution
volume to mass ratio) throughout the duration of the experiment.
Table 2.10. Optimized multi-reaction model parameter values for kinetic adsorption of GPS in
Commerce and Sharkey soils.
Soil

Commerce

Sharkey

Co

Kirr (hr-1) ± CI*

K1 (hr-1) ± CI*

K2 (hr-1) ± CI*

RMSE (mg L-1)

r2

Overall
1
2
5
10
20
Overall
1
2
5
10
20

0.013 ± 0.004
0.009 ± 0.033
0.021 ± 0.021
0.017 ± 0.006
0.011 ± 0.005
0.016 ± 0.012
0.021 ± 0.003
0.027 ± 0.020
0.026 ± 0.018
0.031 ± 0.012
0.026 ± 0.021
0.020 ± 0.018

0.167 ± 0.005
0.145 ± 0.028
0.154 ± 0.025
0.158 ± 0.006
0.179 ± 0.005
0.164 ± 0.015
0.217 ± 0.008
0.152 ± 0.019
0.247 ± 0.140
0.225 ± 0.066
0.222 ± 0.080
0.216 ± 0.040

0.007 ± 0.001
0.006 ± 0.003
0.007 ± 0.003
0.006 ± 0.001
0.006 ± 0.001
0.007 ± 0.002
0.006 ± 0.000
0.005 ± 0.002
0.006 ± 0.004
0.007 ± 0.002
0.006 ± 0.003
0.005 ± 0.002

0.023
0.001
0.003
0.002
0.004
0.027
0.007
0.001
0.001
0.003
0.009
0.016

0.995
0.993
0.945
0.999
0.999
0.996
0.998
0.977
0.959
0.941
0.791
0.879

*95% Confidence Interval
Consistent with efforts to model adsorption separately, desorption was also modeled
separately using the two-site MRM. Observed solution concentrations along with modeled
results are displayed in Figure 2.7. Values of optimized parameters are given in Table 2.11. As
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Figure 2.7. Observed and MRM simulated GPS solution concentrations for Commerce and Sharkey desorption data sets.
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stated previously, because data sets have different numbers of observations, a direct comparison
between model performance of the various data sets via the use of evaluative statistics (RMSE
and r2) is not possible. However, an ocular comparison between Figure 2.5 and Figure 2.7
reveals that model performance is indeed improved, especially within the higher input
concentrations. However, values of optimized parameters are quite different than those obtained
from the full and adsorption only data sets. This can be attributed to the partitioning of solid
phase GPS among the different reactive sites at the beginning of desorption. In order to model
desorption, GPS solution concentrations measured at 528 hours were taken as initial solution
concentrations for desorption, i.e. these were taken as solution concentrations at time = 0 hours.
Because of this, the modeled mass associated with the various sites for the desorption only data
set is different from the full data set at the beginning of the desorption process. Here again, the
overall set of parameters produced coefficient of determination values greater than 0.989 for both
soils, indicating adequate model performance.
Table 2.11. Optimized multi-reaction model parameter values for kinetic desorption of GPS in
Commerce and Sharkey soils.
Soil

Commerce

Sharkey

Co

Kirr (hr-1) ± CI*

K1 (hr-1) ± CI*

K2 (hr-1) ± CI*

RMSE (mg L-1)

r2

Overall
1
2
5
10
20
Overall
1
2
5
10
20

0.160 ± 0.017
0.241 ± 0.114
0.226 ± 0.064
0.169 ± 0.097
0.191 ± 0.041
0.146 ± 0.044
0.215 ± 0.014
0.245 ± 0.136
0.228 ± 0.072
0.225 ± 0.063
0.206 ± 0.041
0.216 ± 0.068

2.601 ± 0.114
1.694 ± 0.393
1.819 ± 0.206
2.025 ± 0.160
2.372 ± 0.234
2.573 ± 0.227
2.478 ± 0.140
2.006 ± 0.386
1.966 ± 0.105
2.670 ± 1.080
2.491 ± 0.399
2.460 ± 0.541

0.068 ± 0.009
0.071 ± 0.057
0.055 ± 0.022
0.042 ± 0.018
0.066 ± 0.020
0.062 ± 0.020
0.051 ± 0.006
0.039 ± 0.030
0.029 ± 0.009
0.058 ± 0.038
0.051 ± 0.017
0.050 ± 0.027

0.012
0.002
0.001
0.004
0.007
0.017
0.006
0.001
0.001
0.004
0.005
0.017

0.990
0.980
0.992
0.987
0.995
0.994
0.994
0.968
0.995
0.986
0.995
0.988

*95% Confidence Interval
Although the MRM performed reasonably well when describing the measured batch data,
it is critical to acknowledge the limitations of the model. In the case of a non-conservative solute
such as GPS, it is important to understand that the model cannot account for mass loss due to
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degradation. In terms of solution phase GPS, this means that any decrease in solution
concentration is accounted for by an increase in retention via a time dependent reaction. In the
actual system, decreases in solution concentration are brought about by both degradation and
increased retention. Therefore, optimized rate coefficients associated with sorption reactions in
both soils are most likely overestimated. Additionally, it is expected that degradation of sorbed
phase GPS is significant (discussed below) and thus the model will also overestimate sorbed
phase concentrations.
2.3.4 GPS Dissipation
It is well documented in the literature that the phosphonic acid moiety is the most
reactive functional group on the GPS molecule (Sprankle et al., 1975; Glass, 1987; Sheals et al.,
2002; Gros et al., 2017). Therefore, GPS metabolites lacking this group are expected to be more
mobile in soil. Recovery of applied radioactivity throughout batch desorption was very low,
indicating that 14C remained associated with the phosphonic acid moiety despite microbial
degradation. Thus, GPS degradation within Commerce and Sharkey soils takes place mainly via
the AMPA pathway (Figure 1.2), which is consistent with the findings of others (Borggaard and
Gimsing, 2008; Sviridov et al., 2015). In order to determine the extent of degradation of solid
phase GPS, residual extracts were analyzed for the presence of both GPS and AMPA, with
results given in Table 2.12. Assuming that all mass associated with the solid phase is attributed
to either GPS or AMPA, 12-31% and 45-65% of sorbed GPS was metabolized to AMPA in
Commerce and Sharkey soils, respectively. It would appear that biological conditions within the
Sharkey soil are more favorable for GPS degradation relative to the Commerce soil. This result
was unexpected as batch adsorption experiments indicated a higher affinity of GPS for the
Sharkey soil. Eberbach (1998) used a two compartment first order degradation model to partition
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GPS into labile (solution phase) and non-labile (sorbed phase) pools, and found that GPS halflife in the non-labile pool is up to 2 orders of magnitude greater than that of the labile pool.
These results would suggest that sorbed phase GPS is less liable to degradation due to limited
bioavailablity, a trend also reported by others (Al-Rajab and Shiavon, 2010; Zhelezova et al.,
2017). However, sorbed phase GPS was readily degraded in both soils in this study and was
degraded to a greater extent in a soil exhibiting higher affinity. Several factors are associated
with the rate and magnitude of GPS degradation, such as total microbial biomass (Franz et al.,
1997; Rueppel et al., 1977) and the presence of specific microbial species (Gimsing et al., 2004).
Therefore, general microbial activity is greater in the Sharkey soil, or population dynamics are
such that sorbed phase GPS is more readily bioavailable.
Table 2.12. GPS and AMPA recovered in residual extracts, determined by UPLC-MS/MS
analysis.
Fraction of GPS to
Soil
Co (mg L-1)
GPS (mg kg-1)
AMPA (mg kg-1)
AMPA
1
4.605
2.016
0.305
2
11.514
3.939
0.255
Commerce
5
30.470
9.328
0.234
10
58.672
14.067
0.193
20
153.720
21.767
0.124
1
1.767
1.499
0.459
2
2.079
2.478
0.544
Sharkey
5
4.872
9.025
0.649
10
18.478
22.273
0.453
20
15.037
27.128
0.643
As GPS sorption onto soils was rapid (more than 90% of applied GPS was sorbed in 24
hours in all cases) and desorption was highly limited, the vast majority of the GPS in the system
remained in the sorbed phase for the duration of the study. Therefore, UPLC-MS/MS analysis of
extracted residues allows means for estimating the half-life of GPS in both soils. Half-life
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estimates were obtained under two separate sets of assumptions. In the both cases, it is assumed
that degradation follows first order kinetics as follows:
Eq. 2.19:

[

]

[

]

Where [GPS] (mg kg-1) is the sorbed phase concentration of GPS and k (day-1) is a degradation
rate coefficient. It is also assumed that there is no degradation prior to 24 hours, such that all
sorbed mass at this point is attributed to GPS.
Method 1: In addition to the above stated assumptions, the first method of half-life estimation
assumes that AMPA is the terminal metabolite, i.e. all of the sorbed mass is either GPS or
AMPA. Additionally, it is assumed that extraction efficiency of both GPS and AMPA is the
same, such that ratios of the two molecules in the extract solution are reflective of what is present
in the sorbed phase. As both molecules are most likely bound to the matrix via the same
functional group, this is a reasonable condition. This would also indicate that extraction
efficiency of both analytes is less than 100% (approximately 50-70%), a result that is in
agreement with previous publications (Glass, 1987). Results for fitted values of k and subsequent
half-life estimates are given in Table 2.13, with half-life estimates ranging from 68-188 days and
23-41 days in Commerce and Sharkey soil, respectively. In general, degradation of GPS in both
soils occurs over relatively short amounts of time. GPS half-life in the Commerce soil shows a
clear trend of increasing residence time with increasing initial GPS solution concentrations,
suggesting that persistence of GPS in this soil is largely a function of the loading rate.
Additionally, the average half-life value is ~3x that of the Sharkey soil, meaning that prolonged
persistence may be of more environmental concern for this soil. There is no distinct relationship
between input concentrations and GPS half-life values for the Sharkey soil, indicating that
biological degradation occurs rapidly regardless of the sorbed phase concentrations.
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Table 2.13. GPS half-life estimates for Commerce and Sharkey soil obtained using Method 1.
Sorbed Phase Half-Life
Soil
Input Concentration (mg L-1)
k (day-1)
(days)
1
0.010088
68.7
2
0.008174
84.8
5
0.007419
93.4
Commerce
10
0.00597
116.1
20
0.003679
188.4
Average
110.3
1
0.017066
40.6
2
0.021797
31.8
5
0.029115
23.8
Sharkey
10
0.016781
41.3
20
0.028641
24.2
Average
32.3
Method 2: In this case, extraction efficiency of both analytes is considered to be 100%.
Implications of this assumption are that any discrepancies in the mass balance of the sorbed
phase are attributed to mineralization beyond the primary metabolite AMPA. Results are given in
Table 2.14.
Table 2.14. GPS half-life estimates for Commerce and Sharkey soil obtained using Method 2.
Sorbed Phase Half-Life
Soil
Input Concentration (mg L-1)
k (day-1)
(days)
1
0.019672
35.2
2
0.013301
52.1
5
0.011474
60.4
Commerce
10
0.012229
56.7
20
0.003770
183.9
Average
77.7
1
0.046336
15.0
2
0.061225
11.3
5
0.062914
11.0
Sharkey
10
0.039745
17.4
20
0.069924
9.9
Average
12.9
As would be expected, half-life estimates in this case are decreased relative to those obtained
using Method 1. Here, GPS half-life in the Commerce soil ranges from 35-184 days, with an
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average of about 78 days. Half-life values in the Sharkey soil range from 10-15 days with an
average of about 13 days. Major limitations of both sets of assumptions are that mineralization
beyond AMPA is expected to occur, and extraction efficiencies are expected to be less than
100% (Glass, 1987). Therefore, actual average GPS half-life is expected to be somewhere
between 78-110 days in Commerce, between 13-32 days in Sharkey, which is consistent with
previous publications (Table 1.2).
2.3.5 Retention of AMPA in soil
As the fate of AMPA in soils is of environmental concern (Grandcoin et al., 2016),
efforts were made to determine the retention behavior of AMPA in both soils. This was done by
adjusting the 528-hour supernatant concentrations measured by LSC with the fraction of AMPA
determined by UPLC-MS/MS within the highest input concentration supernatant solution (20 mg
L-1). Fractions of AMPA in the 20 mg L-1 samples were applied across all other input
concentrations. Assuming no degradation took place within the sorbed phase after 528 hours,
fractions of AMPA and GPS in the residue extracts were applied to the sorbed phase
concentrations, to obtain adjusted GPS and AMPA isotherms at 528 hours. Both GPS and
AMPA Fruendlich isotherms are displayed in Figure 2.8 and 2.9 for Commerce and Sharkey
soils, respectively. Fitted Freundlich parameters are given in Table 2.15. In the Commerce soil,
adjusted isotherms indicate a lower affinity of AMPA than for GPS, with a GPS Kf value of
340.3 L kg-1 compared to a Kf of 88.2 L kg-1 for AMPA. This is consistent with the findings of
Báez et al. (2015), where reported Kf values for AMPA were lower than those for GPS in 6 out
of 8 soils studied. Additionally, AMPA sorption in Commerce soil is characterized as highly
non-linear (n = 0.51) compared to GPS sorption. Similar findings were reported by Sidoli et al.
(2016), where average values of Freundlich n coefficients for AMPA in 17 soils were 0.78
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compared to 0.93 for GPS. These results indicate that the propensity of AMPA mobility in the
Commerce soil is greater than that of GPS.
In the Sharkey soil, an opposite trend was observed. In this case, there was a higher
affinity for AMPA (Kf = 495) than for GPS (Kf = 342). Additionally, sorption was characterized
as more linear for AMPA than for GPS. This is in contrast to both Báez et al. (2015) and Sidoli
et al. (2016), where AMPA sorption displayed highly non-linear behavior. As Sharkey exhibits
high affinity for both molecules, sorption is not limited by site availability or site affinity
distribution and therefore, both GPS and AMPA are expected to be relatively immobile in this
soil. Differences among GPS and AMPA affinities within both soils indicates that although both
molecules possess the phosphonic acid moiety, the specific binding mechanisms or strength of
molecular bond are most likely different for each solute.
Table 2.15. Estimated Freundlich coefficients for GPS and APMA based on the 528 hour
sampling adjusted for UPLC-MS/MS obtained values.
Soil
Analyte
Kf (L kg-1) ± CI*
n ± CI*
SSE (mg2 kg-2)
r2
GPS
340.3 ± 20.4
0.91 ± 0.05
7.42
0.999
Commerce
AMPA
88.2 ± 65.8
0.51 ± 0.24
12.20
0.962
GPS
342.1 ± 225.0
0.80 ± 0.29
51.26
0.983
Sharkey
AMPA
495.4 ± 160.3
1.01 ± 0.20
43.55
0.995
2.4 Conclusions
Kinetic batch studies of GPS adsorption onto Commerce and Sharkey soils indicate a
high affinity of both soils for GPS, although Sharkey exhibited a greater affinity. Freundlich
isotherms for Commerce soil were generally characterized by non-linearity, but became more
linear with time, whereas GPS sorption onto the Sharkey soil more closely resembled a linear
relationship for all time steps. Desorption studies indicate that GPS adsorption onto each soil can
largely be considered an irreversible process with only 2.3-3.4% and 1.9-2.5% of the applied
GPS recovered from Commerce and Sharkey soil, respectively. Chemical kinetics were
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Figure 2.8. 528 hour GPS and AMPA Freundlich isotherms for Commerce soil.
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0.30

significant in both soils, but were more evident in the Commerce soil. A two site multi-reaction
model provided an adequate description of the kinetic batch data, and model performance was
improved when sorption and desorption were modeled separately. Biological degradation of
sorbed phase GPS takes place mainly via the AMPA metabolic pathway, and is more evident in
the Sharkey soil than Commerce. Estimated half-life values ranged from 77-110 days in the
Commerce soils and from 13-32 days in the Sharkey soil, indicating that dissipation is a
relatively rapid process. Adjusted 528 hour isotherms indicate a lower affinity of the Commerce
soil for AMPA than for GPS, and AMPA sorption was characterized as highly non-linear. The
opposite trend was observed for the Sharkey soil, which showed a greater affinity for AMPA
than for GPS. AMPA sorption onto this soil displayed a much more linear relationship between
solution and sorbed phases.
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CHAPTER 3: GLYPHOSATE TRANSPORT IN SOILS
3.1 Introduction
Glyphosate [N-(phosphonomethyl) glycine] (GPS) is the active ingredient in several
herbicidal formulations and is the most widely used herbicide in the world. Such widespread use
can be attributed to the compound’s high weed killing efficiency coupled with its incorporation
in agricultural systems utilizing RoundUp ready cultivars. Although generally regarded as
relatively immobile in soils, several investigations indicate that GPS transport from application
sites to the surrounding environment is significant (Battaglin et al., 2014; Ronco et al., 2016;
Poiger et al., 2017). These results coupled with recent evidence of human toxicity (Koller et al.,
2012; Thongprakaisang et al., 2013) require further investigation into the mobility of GPS in
soils.
Several field studies have been conducted in order to assess the potential for GPS
leaching in agricultural settings. Kjær et al. (2011) conducted an eight-month field trial to assess
GPS mobility and detected the herbicide in tile-drained leachates at concentrations that exceeded
European Union maximum admissible levels for up to seven days after rainfall events, which the
authors attributed to macropore transport. Tiles were located one meter below the ground surface
in an area with a shallow water table (1-3 meters below the surface), thus it was concluded that
well developed soil structure could allow strongly sorbed solutes to contaminate shallow
groundwater. GPS contamination of groundwater was also reported by Torstensson et al. (2005),
the magnitude of which was related to application rate, although the majority of applied
herbicide was retained in the upper 30 cm of the soil profile. Additionally, Strange-Hansen et al.
(2004) reported leachate concentrations of up to 1300 µg L-1 from various types of gravel
commonly used in surfacing applications in Denmark. Despite evidence of GPS mobility in field
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soils, several studies have indicated very limited leaching potentials. Conducting a lysimeter
study over the course of 748 days, Bergström et al. (2011) recovered only 0.009-0.019% of
applied GPS in leachates taken at 1 meter below the surface despite high precipitation amounts
shortly after application, and Al-Rajab et al. (2008) recovered only 0.28% of the applied amount
from 25 cm below the surface over an 11 month period. It is therefore implied that leaching
potential in a field situation is highly dependent upon soil type, a conclusion that is in agreement
with others (Kjær et al., 2005; Landy et al., 2005).
In order to gain insight on the physiochemical mechanisms that dictate GPS transport
through soils, laboratory studies coupled with numerical modeling techniques have been
undertaken. To assess the effect of the pore water velocity, and indirectly the effect of chemical
kinetics, Beltran et al. (1998) obtained GPS breakthrough curves from a sandy soil at different
flow rates. The authors applied a model that incorporated a time dependent Fruendlich-type
partitioning coefficient to the observed data and determined that adsorption was limited by
diffusion processes. Candela et al. (2007) applied a two-site model that accounted for
equilibrium and kinetic sites along with a first order sink and was able to successfully describe
GPS breakthrough from two soils. It was subsequently determined that GPS sorption is a kinetic
process dependent on pore-water velocities. Magga et al. (2008) applied a similar model along
with additional terms to estimate microbial biomass dynamics, which yielded a reasonable
description of GPS breakthrough from an agricultural soil from western Greece. Additionally,
Zhou et al. (2010) applied a two-site model accounting for kinetic and irreversible reactions to
GPS breakthrough data, however, limitations on the extent of the observed data make it difficult
to assess the performance of the model.
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The goals of this study are 1) to quantify GPS breakthrough from two Louisiana
agricultural soils, 2) describe observed data using linear as well as non-linear kinetic modeling,
and 3) characterize the distribution of GPS and its primary metabolite AMPA in the soils.
3.1.1 Solute Transport in Soils
Quantifying the transport and ultimate fate of contaminants in soils and groundwater
provides a basis for determining their potential environmental hazard. The results of laboratory
miscible displacement studies offer insight upon the physiochemical mechanisms that dictate the
behavior of solutes in the subsurface environment, and thus supply investigators with an initial
idea as to the movement of chemicals in a natural or field situation. These studies are critical, as
they guide management decisions to maintain the viability of soil and water resources.
The movement of non-reactive solutes in the subsurface is contingent upon three
dominant mechanisms (Selim, 2014). Convective transport of mass refers to transport of a
dissolved chemical along with the pore water as it moves through a soil profile, the magnitude of
which is a function of the pore water velocity determined by Darcy’s Law. Another important
mechanism is mass flux induced by local concentration gradients, commonly referred to as
molecular diffusion and governed by Fick’s Law. This is an active process regardless of whether
or not there is a net water flux in the system. The final transport mechanism is dispersion, which
is the mixing of the soil solution that is not attributed to molecular diffusion. In soils and
geological media, this is brought about by a non-homogenous distribution of flow velocities
attributed to the pore size distribution, path length fluctuation (tortuosity), and a flow velocity
gradient across the width of a conducting pore (Poiseuille’s Law) (Selim, 2014). Consideration
of all three of these processes coupled with mass balance yields the following equation for the
transport of a non-reactive solute in one dimension:
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Eq. 3.1:
(cm3 cm-1) is the volumetric water content,

Where

(mg L-1) is the solution concentration,

(cm2 hr-1) is the hydrodynamic dispersion coefficient, and

(cm3 cm-2 hr-1) is the water flux

density in the x direction.
3.1.2 Linear Modeling
In addition to the transport mechanisms discussed above, the behavior of a reactive solute
in the subsurface environment is complicated by chemical interactions with the porous matrix. If
it is assumed that solute mass within the solution and solid phases are at an instantaneous
chemical equilibrium via a linear partitioning coefficient, the one-dimensional transport of a
reactive solute is given by the linear convection-dispersion equation (Parker and van Genuchten,
1984):
Eq. 3.2:
Eq. 3.3:
Where R is a dimensionless retardation factor,
(g cm-3) is the matrix bulk density,
Eq. 2.2,

(cm hr-1) is the pore water velocity (

),

(L kg-1) is the linear partitioning coefficient described in

(hr-1) is the rate coefficient associated with the term

which represents a first-order

sink within the system. This can be interpreted as irreversible or precipitation reactions, or mass
loss from the system due to degradation or volatilization. For conservative solutes, this term is
taken as zero. Analytical solutions satisfying a number of initial and boundary conditions are
given by Toride et al. (1993) and incorporated into the CXTFIT model within the STANMOD
software package (Simunek et al., 1999)
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3.1.3 Multi-Reaction and Transport Model
Similar to efforts describing batch sorption data, the multi-reaction model (Figure 2.1)
put forth by Selim and Amacher (1997) can be used to describe interactions among a solute and
reactive matrix in a transport setting. Features of this model are that mass exchanges between
solution and solid phases can be conceptualized as a system of various retention mechanisms,
including non-linear equilibrium and kinetic reactions, along with first-order irreversible sinks.
Advantages of this approach are that interactions between the solute and a number of different
reactive sites can be considered. Incorporation of equations 2.12-2.16 into Eq. 3.1 yields the
Multi-Reaction Transport Model (MRTM) describing reactive solute transport under steady-state
water flow conditions ( and

are spatial and temporal constants within the system):

Eq. 3.4:
Where

(mg kg-1) is the solid phase concentration given by Eq. 2.17. In order to simulate

measured GPS break through curves, best-fit parameter values are obtained via a least-squares
optimization procedure. Criteria for evaluating model performance are the coefficient of
determination (r2) and the root mean squared error (RMSE) given by Eq. 2.18.
3.2 Methods
3.2.1 Soils
In this study, experiments were carried out on two soils of varying physiochemical
properties. The first soil, Commerce silt loam, is a fine silty, mixed superactive, thermic
Fluvaquentic Endoaquept formed from alluvial deposits on the flood plains of the Mississippi
River in the southeastern United States. This soil is characterized as deep, somewhat poorly
drained with moderately slow permeability. Soil specifically used in this study was sampled from
the surface horizon (0-5cm) from the LSU AgCenter Sugarcane Research Station located in St.
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Gabriel, Louisiana (12 miles south of Baton Rouge). The second soil used in the experiments
was Sharkey clay, which is classified as a very fine, smectitic, thermic Chromic Epiaquert. This
soil formed from clayey alluvial deposits on low terraces of the Mississippi River and was
sampled from the surface horizon (0-5cm) near Iberville Parish, Louisiana. All soil was air dried
and made to pass through a 2 mm sieve prior to experiments. Select physiochemical properties of
both soils are given in Table 2.1.
3.2.2 Miscible Displacement Studies
In order to investigate the transport behavior of GPS in soils, miscible displacement
experiments as described by Ma and Selim (1994) and Selim (2014) were carried out. Acrylic
columns (10 cm length, 6.4 cm inner diameter) were uniformly packed with air dried
homogenized soil. Columns were then slowly saturated with 5 mM CaCl2 by upward flow
supplied by a variable speed piston displacement pump (Fluid Metering Inc., Syosset, NY). Once
a steady state flow regime was established, an approximately 10 pore volume pulse of 50 mg L-1
GPS was applied to the column and was then subsequently leached with GPS free 5 mM CaCl2
solution. Effluent was collected with an ISCO Retriever II fraction collector (Teledyne Isco Inc.,
Lincoln, NE) and GPS concentration in solution was determined by LSC as described in Section
2.3.2. The pH of the effluent solution was monitored throughout the duration of the experiments.
Immediately following the termination of experiments, columns were sectioned into 1 cm
increments and residual GPS was extracted from 3 g subsamples in duplicate with 0.2M KOH as
described previously. In an effort to quantify the degradation of GPS in the sorbed phase,
concentrations of GPS and AMPA in the extracting solution were determined by UPLC-MS/MS
(Section 2.3.3).
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In order to obtain independent estimates of the hydrodynamic dispersion coefficient D, a
physical parameter unique to an individual column, a 1 pore volume pulse of tritiated water
(3H2O) was applied to each column prior to the application of GPS pulses and subsequently
leached with background solution. Radioactivity of the effluent solution was determined by LSC
in a manner identical to that of GPS. Breakthrough curves were modeled using the CXTFIT
model (Toride et al., 1999) in the inverse mode, within the STANMOD software package to
obtain estimates for D. Physical parameters for transport experiments are given in Table 3.1.
Table 3.1. Physical parameters for miscible displacement experiments.
Bulk Density
Water Content
Pore Volume
Soil
-3
3
-3
(g cm )
(cm cm )
(cm3)
Commerce
1.225
0.538
167.57
Sharkey
1.330
0.496
154.74

Pore Water
Velocity (cm hr-1)
0.541
0.512

3.3 Results and Discussion
3.3.1 Tritium Breakthrough
Tritium breakthrough curves (BTC) from both columns are displayed in Figure 3.1, with
fitted CXTFIT parameters and fraction of recovered radioactivity given in Table 3.2. In general,
the classical convective-dispersive equation (CDE) (Eq. 3.1) provided a good description of the
measured data, with coefficient of determination values of 0.989 and 0.950 for the Commerce
and Sharkey soil columns, respectively. The BTC for the Sharkey column is characterized as
mostly symmetrical, indicating the presence of a single flow domain. Conversely, the Commerce
BTC displays some degree of tailing during leaching, suggesting that physical non-equilibrium
conditions may exist. In this case, flow is not restricted to just inter-particle porosity, and
therefore intra-particle diffusion may play a more prominent role. This result is further
emphasized by the relatively low recovery of applied radioactivity (~91%) for this column,
which can be attributed to limited diffusion of tritium from the intra-particle domain back to the
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bulk soil porosity. Recovery of applied radioactivity from the Sharkey column (~96%) is
indicative of limited mass loss to the intra-particle domain, and is therefore consistent with the
overall shape of the BTC. Although evidence of physical non-equilibrium within the Commerce
column exists, the magnitude is such that any major effect on GPS transport is not to be
expected.
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Figure 3.1. Measured and CDE simulated tritium breakthrough curves from the Commerce and
Sharkey soil columns.
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Table 3.2. Optimized values for the hydrodynamic dispersion coefficient and fraction of applied
radioactivity recovered for both miscible displacement columns.
Fraction of Radioactivity
Soil
D (cm2 hr-1) ± 95% CI
RMSE
r2
Recovered
Commerce
1.705 ± 0.241
0.041
0.989
0.907
Sharkey
4.108 ± 0.772
0.056
0.950
0.965
3.3.2 GPS Breakthrough
GPS BTCs from both soil columns are displayed in Figure 3.2. Results indicate that GPS
mobility in both soils is highly limited due to high adsorptive capacities, with only 3% and 2% of
the applied mass recovered in the effluent solution from the Commerce and Sharkey columns,
respectively. Although observed breakthrough was very low, GPS mobility in the Commerce soil
was greater than that in the Sharkey soil, with peak concentrations ~4% that of the influent
solution. In the Sharkey soil, the maximum effluent concentrations were approximately 2% of
the influent concentrations. Qualitative differences of GPS mobility in both soils are consistent
with trends determined by batch sorption studies, with more limited mobility occurring in a soil
with greater GPS affinity. Very low GPS mobility in soils has been well documented in the
literature. Monitoring of leachate from 1 m below a field soil over a 2 year period, Kjær et al.
(2005) reported complete retention of GPS within the soil column, and Napoli et al. (2015)
recovered only an average of about 0.82% of applied GPS from the same depth over the course
of a year. Additionally, Al-Rajab et al. (2008) reported less than 0.28% of applied GPS was
recovered from a 25 cm soil profile, and Bergström et al. (2011) recovered only 0.009-0.019% of
applied GPS in leachate sampled at 90 cm depth over the course of 748 days. As field conditions
are inherently variable, results reported from laboratory studies may provide a more direct
comparison to results presented here. Using flow rates similar to those used in this study,
Candela et al. (2007) observed maximum concentrations of GPS in the effluent from a Spanish
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surface soil at approximately 1% that of the influent concentration, even though columns were
only 2 cm long and 150 pore volumes of GPS solution were applied. Significant breakthrough
was observed in this study when flow rates were increased by two orders of magnitude; however,
it is unclear whether such rates are realistic in a field setting.
It is noteworthy that GPS breakthrough from both soil columns is rapid with no apparent
lag time, suggesting high connectivity in a small proportion of the pores, which allows for a
limited fraction of the bulk pore water (and therefore solvated GPS) to move relatively quickly.
Therefore, the observed rapid breakthrough is attributed to physical properties of the system
rather than chemical properties. These results are in contrast with other GPS laboratory miscible
displacement studies. Using a flow rate greater than those employed here and applying a
continuous pulse, Magga et al. (2008) reported a lag time of over 35 days before any GPS was
detected in the effluent solution despite input concentrations twice those used in the current
study. However, columns were 80 cm long rather than 10 cm, and therefore the proportion of
relatively non-tortuous path lengths is expected to be less. Additionally, analytical methods
allowed for a lower limit of detection of 0.75 mg L-1, so very low breakthrough concentrations
may have gone undetected. Similarly, Beltran et al. (1998) observed a lag time of approximately
300 pore volumes before GPS breakthrough was detected, although input concentrations were
two orders of magnitude lower than those used in this study. Consistent with our results
however, Dousset et al. (2007) observed rapid breakthrough of GPS from vineyard soils with
high concentrations of Cu when applying a finite pulse.
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Figure 3.2. Measured GPS BTCs from Commerce and Sharkey soil columns.
3.3.3 Multi-Reaction Transport and Linear Modeling
Measured GPS breakthrough curves along with MRTM and CXTFIT modeling
simulations are displayed in Figure 3.3, with optimized parameter values and evaluative statistics
given in Table 3.3. Similar to the model employed to describe batch kinetic results, a two site
multi-reaction model incorporating reversible and irreversible kinetic sites (Equations 2.6 and
2.9) provided the best description of the data. In general, MRTM was able to describe observed
data quite well from both soils with adjusted coefficients of determination values of 0.97 and
0.90 for the Commerce and Sharkey soils, respectively. Additionally, an ocular assessment of
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Figure 3.3 indicates that the model was able to predict the overall shape of each BTC to a
reasonable extent as well. Optimized parameter values indicate an order of magnitude higher rate
of mass transfer to the solid phase relative to rates of release, with higher rates of sorption onto
irreversible sites in both cases. Because GPS retention in both soils was so high and no extensive
tailing occurred, this result is expected.
In general, linear modeling was able to predict the timing and magnitude of the effluent
peak to some degree, although peak effluent concentrations were under predicted in both cases.
Additionally, because the linear model does not account for non-equilibrium release from the
solid phase, predicted concentrations in the effluent at the later portions of leaching were under
predicted as well. Rates of mass transfer to the conceptual ‘sink’ (values for µ) were very similar
to rate coefficients determined by MRTM, which is expected as mass retention is a dominant
mechanism in GPS transport within both soils. Overall, MRTM performed better than linear
modeling due to its capability to account for a variety of retention mechanisms.
The MRTM model in this study is a conceptually simpler model than those used by
Candela et al. (2007) and Magga et al. (2008), which both employed models consisting of
equilibrium and kinetic sites along with first order sinks and were able to describe GPS
breakthrough reasonably well. Zhou et al. (2010) also used a two-site non-equilibrium model to
describe GPS breakthrough, however the data set was very small (6 points) and only adsorption
was considered.
Table 3.3. Optimized parameter values for CXTFIT and MRTM models.
CXTFIT

Soil
Commerce
Sharkey
Soil

MRTM

Commerce
Sharkey

R ± 95% CI
µ (hr-1) ± 95% CI
RMSE
6.645 ± 0.491
0.399 ± 0.007
0.005
8.690 ± 0.828
0.926 ± 0.015
0.003
-1
-1
-1
Kirr (hr ) ±
K1 (hr ) ±
K2 (hr ) ±
RMSE
95% CI
95% CI
95% CI
0.349±0.003 0.434±0.050 0.045±0.006
0.002
0.673±0.015 0.255±0.033 0.028±0.008
0.002
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r2
0.827
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r2
0.965
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Figure 3.3. Measured and MRTM and CXTFIT predicted GPS breakthrough from Commerce
and Sharkey soil columns.
3.3.4 Distribution in the Soil Column
Measured GPS distribution obtained from KOH extractions of column sections along
with MRTM predicted distributions are displayed in Figure 3.4. Consistent with what would be
expected for a strongly sorbing solute, the majority of the extracted mass is concentrated near the
input port. In fact, 76% and 59% of total herbicide extracted from the columns was recovered
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from the first 2 cm for the Sharkey and Commerce soils, respectively. Larger quantities of
retained GPS observed at lower depths in the Commerce column are reflective of greater
herbicide mobility in this soil relative to the Sharkey soil. This finding is in agreement with our
batch and BTC results. Recovered mass decreases rapidly with depth, with only minimal GPS
recovery from the latter half of the columns for both soils. This distribution profile is consistent
with those reported by a number of other studies. While conducting a mobility study through
undisturbed soil columns, Okada et al. (2016) recovered 68% of applied GPS in the top third of a
15 cm column, where Yang et al. (2015) recovered the majority of GPS and AMPA residues
from the upper 2 cm of soil in a field plot study. Landry et al. (2005) reported that although no
residual GPS was extracted after a yearlong field study involving agricultural soils in France,
residual AMPA was concentrated in the top half of 20 cm profiles. Similar GPS distribution
profiles were also described by Al-Rajab et al. (2008), where the vast majority of GPS was
extracted from the top 5 cm of a 25 cm profile of all three soils at all seven sampling times used
in the study.
The CXTFIT model fails to predict the distribution of retained GPS in either column,
with very low estimates of residual mass. This can be attributed to how the parameter µ is
interpreted within the context of Eq. 3.2. As discussed by van Genuchten et al. (2012), µ is taken
as a first-order degradation coefficient when utilizing CXTFIT within the STANMOD software
package, and not as rate coefficient for irreversible retention reactions. Low recovery of applied
GPS in the effluent solution is therefore accounted for by relatively large optimized values for µ.
Because this is a degradation rate coefficient, residual GPS within the column is not conserved,
but is rather taken as mass lost from the system resulting in very low estimates of residual
concentrations. Conversely, MRTM predicts the general shape of the distribution curve well,
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with greater amounts of residual herbicide located in the portion of the column closest to the
inlet. The increased performance of this model relative to that of CXTFIT is due to complete
conservation of mass throughout the duration of the numerical simulation. Here, there is no
mechanism present to account for degradation and any type of mass ‘sink’ within the system is
attributed to irreversible reactions. Although the shape of the distribution is approximated to a
high degree, MRTM results in a somewhat over-prediction of measured residues, the reason for
which is twofold. Extraction efficiencies from the soil are expected to be less than 100%, so
measured residual GPS will automatically be less than what actually exists. Additionally,
degradation of solid phase GPS is expected, the consequence of which being that mass loss due
to biological activity is unaccounted for by MRTM, which will bias predictions higher than the
actual amount of residual herbicide. It is important to note that extraction data is not included in
the model optimization procedure, and therefore, the ability of MRTM to estimate the general
shape of GPS distribution within the soil profile further lends to the mechanistic validity of the
model.
Discrepancies between modeled and measured results brought about by extraction
inefficiencies and degradation can be handled by normalizing both data sets based upon
calculated center of mass (COM) of GPS in the column, the results of which are given in Table
3.4. In order to do this, it must be assumed that extraction efficiency and rate of degradation from
each column section is the same. The validity of these assumptions is uncertain, as it was
determined in the batch study that degradation rates are dependent upon sorbed phase
concentrations in the Commerce soil and that no clear trend was evident in the Sharkey soil. In
addition, extraction efficiencies from soil with differential sorbed phase concentrations are
expected to be different, as extraction from soils with low sorbed phase concentrations will most
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likely be lower due to GPS association with higher affinity sites. Yet, this assumption may be
valid for the Sharkey soil, as there was a more homogenous distribution of reactive site affinities
(Freundlich n closer to 1), whereas the effect of differential extraction efficiencies will be greater
in the Commerce soil due to a more heterogeneous distribution of reactive site affinities.
However, if it is taken that these assumptions are valid, MRTM over-predicts GPS mobility in
the Sharkey soil (predicted COM of 2.29 cm vs a measured COM of 1.48 cm), and underpredicts the mobility of GPS in the Commerce soil (predicted COM of 2.46 cm vs a measured
COM of 2.64 cm). Additionally, a measured COM deeper in the soil profile for the Commerce
soil relative to the Sharkey soil is consistent with observed BTC data and batch sorption results.
Table 3.4. MRTM predicted and measured center of mass for GPS distribution within Commerce
and Sharkey soil columns.
Soil
MRTM COM (cm from inflow)
Measured COM (cm from inflow)
Commerce
2.46
2.64
Sharkey
2.29
1.48
As biological degradation of GPS in soils is expected to occur over the time period in
which these studies were conducted (Borggaard and Gimsing, 2008), efforts were made to
quantify the amount of the primary metabolite (AMPA) in the residual extracts. Similar to the
batch desorption studies, a lack of prolonged measured radioactivity in the effluent solution
suggests that the 14C remains associated with the highly reactive phosphonomethyl functional
group, indicating that the dominant mechanism of microbial degradation is through the AMPA
pathway (Figure 1.2). Assuming that degradation beyond AMPA will result in a metabolite
lacking the phosphonomethyl group, and therefore a compound that will be readily mineralized
to 14CO2, all measured radioactivity in the extracting solution is taken to be either GPS or
AMPA. As such, fractions of both GPS and AMPA determined via UPLC-MS/MS were applied
to concentrations determined by LSC to produce GPS and AMPA distribution profiles displayed
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Figure 3.4. Measured and MRTM and CXTFIT predicted GPS distribution within the Commerce
and Sharkey soil columns.
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in Figure 3.5. Again, assuming that rates of degradation are identical throughout the soil profile
despite differential solid phase concentrations of GPS, determining the COM of both compounds
provides a basis to assess the mobility of AMPA relative to that of GPS in each soil. Calculated
COM based on UPLC-MS/MS analyses are given in Table 3.5. These results coupled with the
above assumption indicate that AMPA is more mobile than GPS in both soils, although to a
lesser extent in the Sharkey soil. This is consistent with the adjusted 528 hour isotherm
parameters obtained for the Commerce soil, which suggest a lower affinity for AMPA, but is
opposite of what would be expected in the Sharkey soil which displayed a greater affinity for
AMPA than for GPS. However, these conclusions must be considered carefully, as they are
contingent upon the validity of a number of assumptions.
Table 3.5. Calculated COM for GPS and AMPA within the Commerce and Sharkey soil
columns.
Soil
GPS COM (cm from inflow)
AMPA COM (cm from inflow)
Commerce
2.55
3.80
Sharkey
1.40
1.95
3.4 Conclusions
Miscible displacement studies indicate that GPS mobility is highly limited in both
Commerce and Sharkey soils, although the herbicide is slightly more mobile in the Commerce
soil. A two-site multi-reaction model consisting of reversible and irreversible kinetic sites
provided an adequate description of GPS breakthrough data from both soils. Predicted GPS
breakthrough from both soils employing linear modeling adequately predicted the timing of peak
effluent concentrations, but underestimated the magnitude of the peak in both cases. In general,
MRTM outperformed linear approaches to describe GPS BTCs from both soils. Additionally,
MRTM was able to accurately predict the general shape of the distribution of residual herbicide
in the soil column, with residual mass concentrated towards the inflow point. Characterizing
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predicted and extracted residual herbicide based on COM calculations indicate that MRTM
predictions overestimate the mobility of GPS in the Sharkey soil, whereas it was underestimated
in the Commerce soil. Lack of prolonged release of radiolabeled compounds strongly suggests
that microbial degradation of GPS is via the AMPA pathway, consistent with results from the
batch kinetic studies. Assuming that degradation rates of solid phase GPS are constant, a deeper
COM of residual AMPA in both soils is an indication of greater mobility of the primary GPS
metabolite in the subsurface environment.
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CHAPTER 4: INTERACTIONS AMONG GLYPHOSATE AND PHOSPHATE IN
SOILS: RETENTION AND TRANSPORT
4.1 Introduction
Phosphorus is an essential plant nutrient, and thus, agricultural soils are often
supplemented with additional phosphorus via fertilizer application. Glyphosate [N(phosphonomethyl)glycine] (GPS) is currently the most widely used herbicide in the United
States and throughout the world (Benbrook, 2016). Therefore, it is expected that the coexistence
of GPS and inorganic forms of phosphorus (phosphate anion) in agricultural soils is pervasive.
Since the introduction of GPS based herbicides, it has been acknowledged that competitive
interactions between the two chemicals at the mineral surface may be significant due to the
considerable molecular similarity between the phosphate anion and the highly reactive
phosphonomethyl functional group of the GPS molecule (Sprankle et al., 1975). As such,
substantial effort has been put forth to investigate the behavior of the chemicals in soils when
they are simultaneously present.
Several studies have demonstrated GPS sorption by soils is decreased in the presence of
phosphate. Studying the effect of field-aged phosphorus on GPS sorption, de Jonge et al. (2001)
reported reductions of extended Freundlich partitioning coefficients of around 50% in soils with
the greatest amounts of bicarbonate extractable phosphorus, relative to soils with the lowest
amounts of extractable phosphorus. A similar finding was reported by Munira et al. (2016) where
linear partitioning coefficients were reduced by 25-44% in soils with high concentrations of
Olsen-P relative to control soils, consistent with findings from a more recent study (Munira et al.,
2018). Additionally, Kanissery et al. (2015) found that GPS sorption was significantly decreased
by phosphate addition; however, the microbially mediated half-life of the herbicide decreased in
anoxic soils. This is a significant finding as it is expected that increased equilibrium solution
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phase concentrations of GPS should make the herbicide more liable to microbial degradation
(Eberbach, 1998). This suggests that phosphate addition may itself stimulate GPS degradation in
anoxic conditions, rather than enhanced bioavailability brought about by competitive surface
interactions.
While investigating competitive interactions between GPS and phosphate at the mineral
surface of goethite, Gimsing and Borggaard (2001) concluded that phosphate can displace
already sorbed GPS, however, GPS did not demonstrate an ability to desorb phosphate. The
authors attributed this to desorption of GPS molecules bound to the surface via the carboxylic
acid moiety, which is a binding mechanism confirmed in an atomic force microscopy study
performed by Dideriksen and Stipp (2003). This is similar to the phosphate mediated
displacement of other carboxylic acids from goethite reported previously (Geelhoed et al., 1998).
Extending this work to competitive interactions in mineralogically heterogeneous soils, Gimsing
et al. (2004a) demonstrated that phosphate can displace previously adsorbed GPS to a greater
extent than phosphate displacement by GPS additions. Here, competition was less pronounced
than in pure mineral systems and adsorption seemed to occur on both competitive and ion
specific sites (additive sorption), a trend also evident in variably charged tropical soils (Gimsing
et al., 2007). To further quantify this phenomenon, Gimsing et al. (2004b) adequately described
adsorption kinetics with different models incorporating both competitive and additive sorption,
along with reversible and irreversible reactions. This same publication applied models only
considering competitive interactions between both ions and presented a suitable description of
data obtained from pure oxide mineral systems. Displacement of previously soil bound GPS is
not without consequence in agricultural settings. GPS residues mobilized by phosphate fertilizer
applications have been demonstrated to cause phytotoxic effects in tomatoes (Cornish, 1992) and
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soybeans (Bott et al., 2011), and may have negative impacts on the function of vegetative buffer
strips (Gomes et al., 2015). Gomes et al. (2016) reported enhanced root uptake of GPS in willow
by phosphate application, although phytotoxic effects may be minimized due to increased
antioxidant activity attributed to greater plant phosphorus assimilation.
Although much of the work on GPS/phosphate interactions has been limited to batch
methods, results of transport studies may be more applicable to actual field conditions.
Conducting column experiments involving soils with antecedent concentrations of phosphorus,
Barrett and McBride (2007) reported an inability of GPS to mobilize phosphate in coursetextured soils, but observed enhanced phosphate mobility by GPS application in forest and dairy
soils. Because phosphate leaching was induced under GPS application rates greater than
recommended agronomic rates, the authors concluded that there is only limited competition
between GPS and phosphate for adsorption sites. Contrary to the results of enhanced mobility
due to the presence of phosphate from batch studies, Zhao et al. (2009) reported greater GPS
retention in columns amended with phosphate in two of the three soils studied. As GPS is a
polyprotic acid with four pKa values, the molecule has a propensity to protonate at lower pH
values and therefore sorbs to soil surfaces more readily due to decreased repulsive forces
between GPS and negatively charged clay minerals. Phosphate, added in the form of potassium
phosphate monobasic, induces a decrease in system pH. It would seem that in this situation,
enhanced sorption brought about by a pH decrease overcomes any potential competitive effects
of phosphate. Furthermore, Lu et al. (2005) concluded that enhanced mobility of GPS by
phosphate competition is dependent on soil type, where GPS mobility was increased in a redpaddy soil, whereas GPS retention was increased in a sandy soil. Besides the above referenced
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studies, a literature search reveals that transport studies involving both GPS and phosphate are
lacking.
The objectives of this study were to (1) to quantify the effect of phosphate on the
adsorption and desorption of GPS by two Louisiana agricultural soils, (2) to determine the effect
of phosphate on GPS mobility in soils, (3) to determine the effect of pulse application timing on
GPS mobility in soils.
4.2 Methods
4.2.1 Soils
In this study, experiments were carried out on two soils of varying physiochemical
properties. The first soil, Commerce silt loam, is a fine silty, mixed superactive, thermic
Fluvaquentic Endoaquept formed from alluvial deposits on the flood plains of the Mississippi
River in the southeastern United States. This soil is characterized as deep, somewhat poorly
drained with moderately slow permeability. Soil specifically used in this study was sampled from
the surface horizon (0-5cm) from the LSU AgCenter Sugarcane Research Station located in St.
Gabriel, Louisiana (12 miles south of Baton Rouge). The second soil used in the experiments
was Sharkey clay, which is classified as a very fine, smectitic, thermic Chromic Epiaquert. This
soil formed from clayey alluvial deposits on low terraces of the Mississippi River and was
sampled from the surface horizon (0-5cm) near Iberville Parish, Louisiana. All soils were air
dried and made to pass through a 2 mm sieve prior to experiments. Select physiochemical
properties of both soils are given in Table 2.1.
4.2.2 Glyphosate Adsorption and Desorption in the Presence of Phosphate
The quantification of the sorption and desorption of GPS from soils in the presence of
phosphate was carried out following the batch technique as previously discussed in Section 2.3.2.
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GPS solutions at 1, 2, 5, 10 and 20 mg L-1 were prepared in 5 mM KCl and 50 mg L-1 phosphate
(KH2PO4), and spiked with 14C labeled GPS (phosphonomethyl group) such that initial
radioactivity of each solution was approximately 1.67x102 Bq mL-1. Radiolabeled GPS was
purchased from American Radiolabeled Chemicals, St. Louis, MO. Two grams of soil were
weighed into 40 mL conical bottom Teflon tubes, whereupon 20 mL of GPS solution at each
input concentration were added. Each initial input concentration treatment was repeated in
duplicate. Mixtures were then individually vortexed for 10 seconds to ensure homogenized
suspensions and immediately transferred to a platform shaker and were continuously shaken
throughout the duration of the study. Solutions were sampled after 24 and 192 hours of reaction
time. This was carried out by centrifuging tubes at 5,000 rpm for 10 minutes and then
transferring a 1 mL aliquot of the supernatant to a 7 mL scintillation vial. Four mL of
scintillation cocktail (Packard Ultima Gold) were added to the vial and mixtures were vortexed
until homogenized. GPS concentrations in the sample were determined by LSC as described in
Section 2.3.2.
Desorption commenced immediately following the 192 hour sampling. This was carried
out by centrifuging tubes and decanting the entirety of the supernatant solution, which was then
replaced with GPS free 5 mM KCl and 50 mg L-1 phosphate solution. Mixtures were vortexed
and returned to the platform shaker for an additional 24 hours, after which, supernatant solutions
were sampled as above. This was repeated an additional time for a total of two desorption steps.
The extent of desorption was determined by the change in GPS solution concentration over each
24 hour time period.
To determine GPS sorption in both soils with a background solution of 5 mM KCl, the
above study was repeated identically, except without the addition of 50 mg L-1 phosphate.
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4.2.3 Glyphosate Transport in the Presence of Phosphate
For the purpose of investigating competitive interactions between phosphate and GPS
within the soil environment under flow conditions, transport experiments involving concurrent
and consecutive pulses of both solutes were carried out. The concurrent pulse study was
conducted in order to simulate a field situation where GPS and phosphorus fertilizer are applied
in conjunction, whereas the consecutive pulse studies are representative of a field situation where
there is differential timing of herbicide and fertilizer applications. Acrylic columns (5 cm length,
6.4 cm inner diameter) were uniformly packed with air dried homogenized soil. Columns were
then slowly saturated with 5 mM KCl by upward flow supplied by a variable speed piston
displacement pump. As the monovalent cation K+ promoted dispersion of the Sharkey clay,
which greatly restricted flow through the column, 5 mM CaCl2 background solution was used for
experiments involving this soil. Concurrent pulse experiments consisted of a mixed solution of
50 mg L-1 GPS and PO4 (KH2PO4) in background solutions of either 5 mM KCl or CaCl2.
Consecutive pulse experiments involved single ion solutions of either 50 mg L-1 GPS or PO4 in 5
mM KCl or CaCl2. The concurrent pulse was applied as an approximately 10 pore volume pulse
of the mixed ion solution applied to the column followed by 15-20 pore volumes of the
background solution. Effluent was collected with an ISCO Retriever II fraction collector
(Teledyne Isco Inc., Lincoln, NE). Concentrations of GPS in the effluent solution were
determined by LSC and phosphate concentrations were quantified by ICP-AES (Spectro Citros
CCD, SPECTRO Analytical Instruments, Kleve, Germany). As GPS contains phosphorus, LSC
determined GPS concentrations were subtracted from ICP-AES values, and it was assumed that
the difference would be phosphorus as the phosphate anion. Upon termination of the
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experiments, columns were then sectioned and residual radiolabeled compounds were extracted
and analyzed by LSC and UPLC-MS/MS as described in Section 2.3.3.
For the consecutive pulse studies, the effect of the order of solute application (GPS then
PO4 and PO4 then GPS) was investigated. Ten pore volumes of single ion solutions were applied
to columns and were subsequently leached with 15-20 pore volumes of background solution.
Following this initial leaching step, 10 pore volumes of single ion solutions of the opposing
solute were then applied and leached with 15-20 pore volumes of background solution. At the
termination of experiments, columns were sectioned and residual radiolabeled compounds were
extracted. Extracting solutions were then analyzed via LSC and UPLC-MS/MS. To ensure
quality of packing as well as to obtain independent estimates of the hydrodynamic dispersion
coefficient D (Eq. 3.1), pulses of 3H2O were applied to each column prior to the application of
GPS or phosphate as described in Section 3.2.2. Relevant physical parameters for each column
transport study are given in Table 4.1.
Table 4.1. Physical parameters for transport experiments.
Bulk
Water
Pore
Pulse
Soil
Density
Content
Volume
Application
(g cm-3) (cm3 cm-3)
(cm3)
GPS and PO4
1.57
0.406
61.39
Commerce GPS then PO4
1.49
0.439
66.36
PO4 then GPS
1.56
0.409
61.76
GPS and PO4
1.49
0.439
66.36
Sharkey
GPS then PO4
1.55
0.415
62.76

Pore Water
Velocity
(cm hr-1)
0.725
0.698
0.697
0.548
0.770

D (cm2 hr-1)
0.371 ± 0.086
0.201 ± 0.045
0.561 ± 0.193
0.208 ± 0.040
0.206 ± 0.168

4.3 Results and Discussion
4.3.1 Sorption and Desorption
Time dependent Freundlich isotherms for GPS sorption by Commerce and Sharkey soils
in the presence and absence of phosphate are displayed in Figure 4.1. Values of optimized
Freundlich parameters are given in Table 4.2. Similar to results presented in Chapter 2, measured
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data were well described by the Freundlich model (r2 > 0.99 in all cases). GPS sorption by both
soils was reduced in the presence of phosphate. The 24 hour Freundlich partitioning coefficients
were decreased from approximately 272 to 109 L kg-1 and from 382 to 195 L kg-1 in the
Commerce and Sharkey soils, respectively, when phosphate was included in the background
solution. This suggests significant competition between GPS and phosphate ions for reactive
sites in both matrices, with phosphate being preferentially sorbed. These results are consistent
with numerous studies investigating competitive sorption between GPS and phosphate by soils
(de Jonge et al., 2001; Munira et al., 2016; 2018), as discussed previously in the introduction.
Although GPS sorption decreased in presence of phosphate, both soils still exhibited relatively
high affinities for solvated GPS. Gimsing et al. (2004a) attribute this to the presence of both
competitive and additive retention mechanisms, where herbicide association with competitive
sites is decreased, but binding by GPS specific sites is more or less unaffected. The relative
reductions in Freundlich partitioning coefficients suggest that competition is more significant in
the Commerce soil (~60% reduction in Kf for Commerce vs. ~50% reduction in Kf for Sharkey),
likely due to the greater abundance of amorphous Fe and Al oxides which are materials
considered to have a high affinity for both GPS and phosphate (Sprankle et al., 1975).
Desorption of GPS from both soils was enhanced by the presence of phosphate. Over two
desorption steps, 12.1-18.5% of soil bound GPS was recovered from the Commerce soil in the
presence of phosphate, compared to only 4.1-8.3% in the absence of phosphate. Similar results
were obtained from the Sharkey soil. When phosphate was included in the reacting solution, 7.09.1% of sorbed GPS was recovered after two desorption steps, while only 3.3-5.0% was
recovered in the single ion study. During the desorption portion of the competitive batch studies,
supernatant solution was replaced with GPS free 5 mM KCl with 50 mg L-1 phosphate. This
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resulted in increased loading of phosphate into the system, which subsequently displaced a
greater amount of previously sorbed GPS. These findings are significant, as they demonstrate
that not only is GPS sorption decreased in the presence of phosphate, but that additional
phosphate loading can mobilize the herbicide in the soil environment. Other studies have also
determined that there is a propensity for phosphate to displace soil-bound GPS from pure oxide
minerals (Gimsing et al., 2004b) as well as from soils (Gimsing et al., 2004a; Gimsing et al.,
2007).
Table 4.2. Fitted Freundlich parameters for GPS sorption in the presence and absence of
phosphate for Commerce and Sharkey soils.
Reaction
Ions in
Kf (L kg-1) ±
SSE (mg2
Soil
Time
n ± 95% CI
solution
95% CI
kg-2)
(hours)
24
GPS + PO4
108.85 ± 7.35
0.72 ± 0.09
42.80
192
GPS + PO4
106.79 ± 18.37
0.78 ± 0.23
274.59
Commerce
24
GPS Only
271.97 ± 33.84
0.76 ± 0.13
93.53
192
GPS Only
300.67 ± 47.58
0.78 ± 0.15
127.26
24
GPS + PO4
194.65 ± 6.75
0.82 ± 0.06
12.97
192
GPS + PO4
216.94 ± 13.04
0.84 ± 0.09
32.08
Sharkey
24
GPS Only
382.32 ± 18.96
0.90 ± 0.05
7.61
192
GPS Only
410.87 ± 27.43
0.88 ± 0.06
12.33

r2
0.9978
0.9859
0.9958
0.9943
0.9994
0.9985
0.9997
0.9995

4.3.2 Effect of Background Cation
Time dependent Freundlich GPS isotherms for both soils with either KCl or CaCl2 as the
background electrolyte are presented in Figure 4.2, with fitted isotherm parameters given in
Table 4.3. Pronounced differences in the kinetic behavior of GPS retention in the Commerce soil
exist when either equimolar concentrations of the two salts were used. When CaCl2 was utilized
as the background electrolyte, considerable kinetics were observed in the batch study, especially
between 24 and 72 hours (Chapter 2). When KCl was used however, the time dependent
behavior of GPS retention was much less pronounced. In fact, parameters obtained at 24 and 192
hours with KCl as the background salt are not statistically different, suggesting that pseudo91
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Figure 4.1. Freundlich isotherms for GPS sorption by Commerce and Sharkey soils with and without 50 mg L-1 phosphate at 24 and
192 hours of reaction time.
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equilibrium conditions were achieved by 24 hours. Furthermore, these parameters are not
statistically different than those obtained at 192 hours with CaCl2 as a background electrolyte,
when GPS sorption was considered to have effectively reached an equilibrium in that particular
study. This is likely attributed to the nature of the soil suspension induced by differential solution
compositions. The monovalent cation K+ does not suppress the diffuse double layer that
surrounds negatively charged soil particle surfaces to the same extent as the divalent cation Ca2+,
resulting in enhanced electrostatic repulsion between surfaces and therefore a more dispersed soil
suspension. In this case, there is a greater proportion of total available sites that are in immediate
contact with the solution, resulting in a more rapid association between solvated GPS and
reactive sites. Therefore, it is a possibility that the kinetic behavior observed in this soil when
CaCl2 is used is attributed to physical properties of the system, where the rates of rapid type
reactions are limited by diffusion from the bulk soil solution into the intra-particle porosity.
The 24-hour isotherm parameters for GPS sorption by the Sharkey soil are not
statistically different for solutions of KCl or CaCl2, indicating that sorption is a rapid process in
this soil regardless of the background electrolyte. However, differences in the 192-hour isotherm
parameters suggest a significant time dependence of GPS sorption for both background
solutions, as well as enhanced retention when CaCl2 is present (Kf of 411 L kg-1 for KCl vs. 471
L kg-1 for CaCl2). This is likely due to a more abundant occurrence of complex formation
between GPS and surface bound Ca2+. As postulated by de Jonge and de Jonge (1999) and
discussed by Dollinger et al. (2015), direct association between GPS and surfaces of clay
minerals is unlikely due to electrostatic repulsion, however, complexation between surface
exchangeable polyvalent cations and GPS may explain high retention in soils with high values of
cation exchange capacity. Munira et al. (2016) suggests that K+ may form similar associations
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with GPS, despite its single valence. Because retention in this soil was so high with either
saturating cation, this seems likely. However, the charge density of surface bound K+ would be
less than Ca2+, suggesting that K+-GPS complexation is not the only mechanism that plays a
dominant role in GPS sorption when KCl is the background electrolyte. Ligand exchange of
surface coordinated hydroxyls on the edge sites of layer silicates has also been suggested as a
mechanism for GPS retention in soils (Borggaard and Gimsing, 2008). Similar to the above
discussion with Commerce, K+ in solution results in a more dispersed soil suspension, where
edge sites are located further apart than in a system where Ca2+ is the saturating cation. This
increased distance would prevent the preclusion of additional GPS sorption brought about by
GPS molecules already associated with edge sites. GPS molecules bound to edge sites via the
phosphonic acid moiety have a deprotonated carboxyl group opposite of the binding site that
creates electrostatic repulsion between surface coordinated anions and anions in solution. Since
GPS is a rather bulky molecule (Gimsing and Borggaard, 2007; Borggaard and Gimsing, 2008),
this repulsion may prevent additional GPS sorption onto nearby edge sites in a well-flocculated
system, however, this repulsive effect is minimized in a well-dispersed system such as that with
K+. In this case, a greater distance between edge sites would allow for a greater proportion of
GPS sorption via this ligand exchange mechanism.
Table 4.3. Fitted Freundlich isotherm parameters for GPS sorption by Commerce and Sharkey
soils with either 5 mM KCl or CaCl2 as the background electrolyte.
Reaction
SSE
Background
Kf (L kg-1) ±
Soil
Time
n ± 95% CI
(mg2 kgr2
Electrolyte
95% CI
2
(hours)
)
24
KCl
271.97 ± 33.84
0.76 ± 0.13
93.53
0.996
192
KCl
300.67
±
47.58
0.78
±
0.15
127.26
0.994
Commerce
24
CaCl2
158.17 ± 13.94
0.66 ± 0.12
104.96
0.995
192
CaCl2
298.63 ± 16.98
0.81 ± 0.06
14.95
0.999
24
KCl
382.32 ± 18.96
0.90 ± 0.05
7.61
1.000
192
KCl
410.87
±
27.43
0.88
±
0.06
12.33
1.000
Sharkey
24
CaCl2
395.67 ± 34.02
0.93 ± 0.08
20.52
0.999
192
CaCl2
471.42 ± 14.54
0.97 ± 0.03
1.92
1.000
94
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Figure 4.2. Freundlich isotherms for GPS sorption by Commerce and Sharkey soils with either 5 mM KCl or CaCl2 as the background
electrolyte.
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4.3.3 GPS Transport in the Presence of Phosphate: Concurrent Pulse Applications
The presence of the monovalent cation K+ in solution caused dispersion of the Sharkey
soil to the extent that flow was greatly restricted, so a background solution of CaCl2 was used for
transport experiments involving this soil. ICP analysis of the input solutions indicated that
phosphate concentrations were almost negligible, most likely due to the precipitation of the anion
as solid Ca3(PO4)2. Therefore, discussion of transport experiments will be limited to those
involving only the Commerce soil.
The study in which GPS and phosphate were applied as a mixed pulse will hereafter be
referred to as the G+P column. Additionally, the consecutive pulse study where GPS is applied
prior to phosphate will be referred to as the GP column, and the study in which phosphate is
applied prior to GPS will be referred to as the PG column. The GPS and phosphate breakthrough
curves (BTC) from the G+P column are displayed in Figure 4.3. Similar to results in the single
ion study discussed in Chapter 3, breakthrough is rapid, suggesting high connectivity in a small
proportion of the pores that allows for relatively quick transport of solutes through the column.
Surprisingly, the mobility of GPS is still highly limited in this soil, with only 2.0% of the applied
mass recovered in the effluent solution, and peak concentrations of just 1.8% those of the input
concentration. This result was unexpected, as batch results indicated significant competition
between the two solutes for reactive sites, and thus, enhanced GPS leaching was anticipated.
There is an apparent lack of a phosphate BTC as indicated by the phosphorus concentrations in
the effluent solution determined by ICP analysis. This is in contrast to the GP and PG studies
where a noticeable breakthrough was observed. The pH of the mixed ion input solution was 3.28
compared to a pH of 5.09 for the phosphate only solution. This decreased solution pH likely
resulted in enhanced removal of phosphate from the soil solution. A similar finding was reported
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by Barrow (1984), where the sorption of phosphate by soils was increased at both low and high
pH values of the reacting solution in 5 of 6 soils included in the study. Limited competition
between GPS and phosphate in transport settings was also observed by Barrett and McBride
(2007), who demonstrated that herbicide applications did not mobilize antecedent phosphate.
These results have significant implications for field settings, as it would appear that the coapplication of GPS based herbicides and inorganic phosphorous fertilizers would not enhance the
mobility of the herbicide in the Commerce soil. This is likely due to an abundance of reactive
sites such that any effect of competition in a transport setting is minimal.
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Figure 4.3. GPS and phosphate breakthrough from the Commerce G+P column.
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4.3.4 GPS Transport in the Presence of Phosphate: Consecutive Pulse Applications
The GPS and phosphate BTCs from the GP column are displayed in Figure 4.4. The
figure on the left is meant to provide a clear illustration of GPS breakthrough in relation to the
initial phosphate BTC, whereas the figure on the right better illustrates increased phosphate
concentrations in the effluent observed in the advanced stages of leaching. Phosphate mobility in
the Commerce soil seems to be highly limited, as indicated by the BTC displayed in the figure on
the left. Considering only phosphate breakthrough up to 59 PV, 4.3% of the applied mass was
recovered in the effluent solution and peak concentrations were 2.5% those of the input solution.
After 59 PV, a secondary phosphate breakthrough is observed, with effluent concentrations much
greater than those measured in the initial breakthrough. This study was terminated when
appreciable radioactivity ceased to be measured in the effluent, so unfortunately, phosphate
breakthrough data is unavailable beyond what is reported here. This secondary increase in
phosphate was not observed from the PG column, and is not correlated with any other changes in
measureable parameters such as effluent pH, so it is unclear as to why this occurred. Further
investigations to explain this observation are needed.
From the initial GPS pulse, 2.1% of the applied mass was recovered in the effluent
solution and peak concentrations were 1.9% of the input solution. This is in slight contrast to
results obtained in the single ion studies discussed in Chapter 3, where peak effluent
concentrations from the Commerce soil were approximately 4% of the input concentration and
mass recovery in the effluent was 3.3%. However, columns were more densely packed in this
study, meaning that a greater mass of soil is interacting with the mass of applied herbicide, which
could further limit its mobility. Furthermore, if these transport experiments were repeated several
times, there may not be a statistical difference between peak effluent concentrations and
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recovered mass observed in the two studies, as GPS mobility is highly limited in either case. The
phosphate pulse was applied at 27.6 pore volumes, as indicated by the vertical line in Figure 4.4.
Following this application, a separate GPS BTC is observed and an additional 4% of the applied
GPS mass was recovered in the effluent solution. This is an indication that phosphate in solution
displaced soil-bound GPS. This can be explained by the presence of competitive and ion specific
reactive sites as described by Gimsing et al. (2004a). GPS applied as a mixed pulse, as in the
G+P column experiment, likely associates with a higher proportion of ion specific sites. The
availability of these sites is not limited and therefore, any effect of competition is unnoticed
while monitoring the effluent solution. However, GPS applied as a single ion pulse binds to the
soil at both competitive and ion specific sites. Once phosphate is introduced to the column, GPS
bound to competitive sites is displaced and becomes mobile in the soil. This creates a kind of
“cascading effect”, where a secondary breakthrough is observed. Although the total mass
recovered in the secondary breakthrough is relatively small compared to the mass applied, it is
double that of the single ion pulse. Furthermore, peak effluent concentrations in the secondary
breakthrough are 44% greater than those in the initial BTC. Therefore, phosphate applications
have a significant impact on the mobility of GPS in the Commerce soil. The phosphate-mediated
displacement of GPS has been demonstrated in batch type studies (Gimsing and Borggaard,
2001; Gimsing and Borggaard, 2004a), however, this is the first example of this process in a
laboratory column experiment to the best knowledge of the author. These results coupled with
the results of the mixed pulse breakthrough imply that the timing of GPS based herbicides and
inorganic phosphorus fertilizer applications have major implications on the fate of GPS in the
Commerce soil, with little effect observed when both are applied in conjunction but enhanced
GPS mobility when inorganic phosphorus is applied after herbicide applications.
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Figure 4.4. GPS and phosphate breakthrough from the Commerce GP column. The dashed vertical line indicates when the phosphate
solution is applied.
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The GPS and phosphate BTCs from the PG column are presented in Figure 4.5. Of the
applied mass of phosphate, 4.5% was recovered in the effluent solution and peak concentrations
were 3.4% that of the input solution. This suggests phosphate is of limited mobility in the
Commerce soil. A lack of a secondary breakthrough of phosphate upon the application of GPS is
an indication that GPS does not displace soil bound phosphate, and thus, phosphate is
preferentially sorbed in this soil, consistent with batch results. GPS recovery in the effluent
solution was 3.2% of the applied mass and peak effluent concentrations were 2.7% of the input
solution concentration. Here, GPS mobility is highly limited and there is no noticeable effect of
competition between GPS and phosphate. This is in contrast to results reported by Zhou et al.
(2009), where GPS mobility was decreased in a column preconditioned with phosphate. In their
study, a saturated column was allowed to drain, whereupon phosphate as KH2PO4 was dissolved
in the collected leachate, and the subsequent solution was pumped back into the column and
allowed to equilibrate overnight. This likely induced a decrease in the system pH, especially near
the inlet, which resulted in enhanced GPS sorption. Because methods employed in the Zhou et al.
study are considerably different than those used here, a direct comparison between these two
studies may not necessarily be valid. In terms of applicability to field situations, applying GPS
based formulations onto soils with antecedent levels of inorganic phosphorus does not seem to
enhance the mobility of the herbicide within the Commerce soil. Munira et al. (2016) as well as
de Jonge and de Jonge (1999) demonstrated that GPS sorption by soils was decreased when there
were antecedent levels of phosphate, and concluded that the mobility of the herbicide may be
increased in soils that have received historic applications of phosphorus fertilizers. However,
these previous studies were conducted in a batch setting and no further transport investigations
were carried out. The results given in this study indicate that while batch results may indicate
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enhanced mobility by the presence of phosphate, further work is required to assess GPS mobility

Effluent Concentration (g L-1)

in a setting more similar to what would be expected in the field or natural environment.

Commerce
PG Column
GPS
PO4

1600
1400
1200
1000
800
600
400
200
0
0

10

20

30

40

50

60

Pore Volume
Figure 4.5. GPS breakthrough from Commerce soil following the application and subsequent
leaching of a phosphate pulse. The dashed vertical line indicates when the GPS solution is
applied.
4.3.5 Distribution of Residual Herbicide
Although it is difficult to assess the effect of competition between GPS and phosphate in
transport settings when only considering BTCs, a better understanding is gained when comparing
the distribution of residual herbicide in the soil columns. The distributions of extracted
radiolabeled compounds from each column experiment are displayed in Figure 4.6, with
calculated centers of mass (COM) given in Table 4.4. Similar to results given in Chapter 3 and
consistent with expectations for a strongly sorbing solute, residual mass is concentrated near the
inlet port and decreases rapidly with depth. The herbicide distribution from the GP column is
consistent with GPS concentrations observed in the effluent. Here, there is a depletion of GPS
102

near the inlet port and subsequent enrichment of herbicide concentrations further into the
column. This provides added evidence that phosphate in solution displaced GPS bound on
competitive sites and essentially “pushed” the mass of GPS deeper into the column until a
secondary breakthrough was observed. This is further emphasized by the calculated COM (1.40
cm from the inlet), which is the deepest of all three transport experiments. A comparison
between the G+P column distribution and that obtained from the PG column provides additional
insight into the effects of competition. The relatively large amount of GPS in the first 1 cm of the
PG column suggests that bound phosphate does not limit the availability of reactive sites. The
lower GPS mass extracted from the first 1 cm of the G+P column relative to the PG column
suggests that the major consequence of the concurrent application of GPS and phosphate is that
the kinetics of GPS sorption are prolonged by the coexistence of solvated phosphate. Since GPS
sorption is not limited by site availability, competition between the two solutes for competitive
sites may keep GPS in the liquid phase for a longer period of time, such that mass advection
plays a more dominant role and subsequently transports GPS in solution further into the column.
As retention rapidly reduces solution concentration while the number of reactive sites remains
high, this effect is only apparent in the soil closest to the inlet port.
Table 4.4. Calculated center of mass of radiolabeled compounds extracted from each soil
column.
Pulse Application
Center of Mass (cm from inlet)
G+P Column
1.08
GP Column
1.40
PG Column
0.83
Parallel with efforts undertaken in Chapter 3, fractions of GPS and AMPA determined with
UPLC-MS/MS were applied to extract concentrations obtained via LSC to obtain distributions of
both compounds in each transport experiment. Distributions are displayed in Figure 4.7 with

103

calculated COM for either compound given in Table 4.5. Assuming that rates of degradation are
constant in each section of the soil column despite the differential sorbed phase concentrations,
AMPA is more mobile than GPS in all cases, with calculated COM deeper in the soil. This is
consistent with results from the single ion study presented in the previous chapter as well as with
adjusted 528 hour isotherms given in Chapter 2, which suggest a lower affinity of the Commerce
soil for AMPA. As discussed previously, these conclusions must be considered carefully as they
are contingent upon several assumptions.
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Figure 4.6. Distribution of radiolabeled compounds extracted from each column. Error bars are
95% confidence intervals.

Table 4.5. Calculated center of mass for GPS and AMPA in each Commerce
soil column.
Pulse Application
Analyte Center of Mass (cm from inlet)
GPS
1.05
G+P Column
AMPA
1.27
GPS
1.34
GP Column
AMPA
1.60
GPS
0.82
PG Column
AMPA
0.90
104

0

1

2

3

Commerce G+P Column
GPS
AMPA

4

5
0

50

100

150

200

250

300

350

0

Depth (cm)

1

2

3

Commerce GP Column
GPS
AMPA

4

5
0

50

100

150

200

250

300

0

1

2

3

Commerce PG Column
GPS
AMPA

4

5
0

100

200

300

400

500

-1

Sorbed Concentration (mg kg )

Figure 4.7. Distribution of GPS and AMPA in Commerce soil columns from each transport
column.
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4.4 Conclusions
Results of batch experiments indicate significant competition between GPS and
phosphate in both soils, with 60% and 50% reductions in the 24-hour Freundlich partitioning
coefficients for the Commerce and Sharkey soils, respectively. Increased loading of phosphate
during desorption resulted in enhanced recovery of soil bound GPS from both soils as well,
indicating a propensity for phosphate to displace GPS from reactive sites. Although partitioning
coefficients were decreased, both soils exhibited a high affinity for GPS even when phosphate
was included in the background solution, suggesting the presence of a significant amount of both
competitive and ion specific sites. Additionally, the composition of the background solution
affects the retentive behavior of each soil. Pronounced kinetics observed in the Commerce soil
when CaCl2 was the background electrolyte were not replicated when equimolar KCl was
utilized. This suggests that time dependent reactions may be a result of GPS diffusion into intraparticle space. The effect of solution composition was less evident in the Sharkey soil, although
there was a significant reduction in the 192-hour Freundlich partitioning coefficient. This may be
due to a decrease in complex formation with surface exchangeable Ca2+, although there is a
strong possibility that complexation with K+ is an important retention mechanism. However, the
charge density associated with the surface bound mono-valent K+ is likely inadequate for this to
be the main retention mechanism, suggesting a predominance of GPS surface complexation at
the edge sites of clay minerals brought about by a more dispersed soil suspension.
Results of transport studies suggest that the mobility of GPS in the Commerce soil is
highly limited when applied in conjunction with or after the application of inorganic
phosphorous. However, application of a phosphate pulse following GPS application did result in
a secondary BTC where an additional 4% of applied GPS was recovered. This result is further
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emphasized by the distribution of soil bound residues extracted from this column, with a
depletion of mass near the inlet and enrichment of mass at lower depths, indicating that
phosphate displaced the bulk mass of GPS further into the column. Analyses of the distribution
of residuals from the G+P column and PG columns suggest that the main effect of the coapplication of the solutes is that GPS retention kinetics are prolonged which allows for enhanced
mobility brought about by mass advection processes. These results emphasize the importance of
herbicide and fertilizer application timing under field conditions.
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CHAPTER 5: CONCLUSIONS
Batch kinetic studies indicated a high affinity of both the Commerce and Sharkey soils
for solvated GPS, although Sharkey exhibited a greater affinity. The high retentive capacity of
the Commerce soil is most likely attributed to the relatively large amounts of amorphous Fe and
Al oxides, whereas the high cation exchange capacity of the Sharkey soil likely allows for GPS
complexation with surface exchangeable polyvalent cations. While chemical kinetics of GPS
sorption were evident in both soils, a more time dependent behavior was displayed by the
Commerce soil. Over five desorption steps, only 2.3-3.4% and 1.9-2.5% of soil bound GPS was
recovered from the Commerce and Sharkey soils, respectively, indicating that sorption of the
herbicide is primarily an irreversible process. A two-site multi-reaction model consisting of
kinetic reversible and irreversible sites provided an adequate description of the measured data.
Because of the severity of sorption-desorption hysteresis, both sorption and desorption data sets
were modeled separately, whereupon model performance was improved. Since recovery of
applied radioactivity was greatly limited during desorption, 14C likely remained associated with
the highly reactive phosphonic acid moiety, indicating that degradation of GPS is via the AMPA
pathway. Estimated half-lives of the herbicide, based on UPLC-MS/MS analysis of extracted
residues, ranged from 77-110 days in the Commerce soil and from 13-32 days in the Sharkey
soil.
Miscible displacement studies indicated that the mobility of GPS is highly limited in both
matrices, with only 3% and 2% of the applied herbicide recovered in the effluent solution from
the Commerce and Sharkey soils, respectively. Similar to batch studies, a two-site multi-reaction
model (MRTM) incorporating time-dependent reversible and irreversible sites provided a good
description of breakthrough curves from both soils and outperformed linear modeling using
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CXTFIT. Additionally, MRTM was able to adequately predict the distribution of residual
herbicide in both columns. As this data is not included in the parameter optimization procedure,
the ability to predict GPS distributions at the end of the experiments lends further to the validity
of the model. UPLC-MS/MS analysis of the extracting solutions suggests that AMPA is more
mobile than GPS in both soils. This is consistent with adjusted 528-hour isotherm parameters for
Commerce, which suggested a lower affinity of the soil for AMPA. However, this is opposite of
what would be expected in Sharkey, which displayed a greater affinity for AMPA than for GPS.
Although AMPA may be more mobile than GPS in either soil, both compounds are strongly
retained.
Competitive batch experiments indicated significant competition between GPS and
phosphate for reactive sites, with phosphate being preferentially sorbed. The 24-hour Freundlich
partitioning coefficients were decreased by approximately 60% and 50% in the Commerce and
Sharkey soils, respectively, when phosphate was included in the reacting solution. Both soils
exhibited a high affinity for solvated GPS despite the presence of phosphate, indicating the
presence of both competitive and ion specific sites. GPS mobility in the Commerce soil remained
highly limited when applied in conjunction with and subsequent to pulses of phosphate.
However, when phosphate was applied after the application of the herbicide, a secondary
breakthrough was observed where an additional 4% of the applied GPS was recovered. In this
case, phosphate displaced GPS bound to competitive sites, enhancing its mobility in the soil.
This process is further emphasized by the distribution of residual herbicide in the column, with
depletion of mass near the inlet coupled with enrichment of mass at greater depths. This has
major implications in a field condition, as these results demonstrate that the timing of herbicide
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and fertilizer applications can have significant impacts on the mobility and ultimate fate of GPS
in the soil-water environment.
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